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CHAPTER  1 


INTRODUCTION 

Overview 

In  the  last  three  decades,  the  U.S.  Air  Force  has 
spent  nearly  nine  billion  dollars  on  its  engine  inventory. 
This  inventory,  if  replaced  today,  would  cost 
approximately  fourteen  billion  dollars  (based  on  1979 
dollars).  The  value  of  this  inventory  alone,  if  the  Air 
Force  was  a  for-profit  organization,  would  place  it 
fourth  on  Fortune  magazine’s  list  of  the  top  590 
companies  (15). 

During  this  same  period,  the  United  States  and  its 
NATO  allies  have  had  a  numerical  and  technological 
advantage  over  the  Warsaw  Pact.  Today,  however,  it  is 
acknowledged  that  the  Warsaw  Pact  nations  hold  a  numerical 
advantage  in  land  and  air  forces  and  any  remaining 
technological  lead  is  considered  small  (26:40).  Given 
this  growing  disadvantage,  and  recognizing  that  aircraft 
engines  must  be  available  in  adequate  numbers  in  order  to 
meet  requirements,  it  is  easy  to  see  why  such  a  valuable 
inventory  must  be  managed  closely. 

Air  Force  maintenance  is  a  three  tiered  system. 

At  base  level  are  two  tiers.  The  first  tier, 
organizational  maintenance,  deals  with  the  day-to-day 


activities  of  the  flightline.  This  function  performs 
maintenance  activities  such  as,  tire  changes,  filter 
changes,  drawing  SOAP  (Spectrographic  Oil  Analysis  Program) 
samples,  and  pre-  and  post-flight  inspections.  These  types 
of  activities  are  commonly  referred  to  as  on-aircraft  or 
organizational  maintenance.  The  other  tier  at  base  level 
is  called  intermediate  maintenance.  This  function  deals 
with  those  actions  which  require  a  specialist  and  are  per¬ 
formed  most  often  in  a  shop  rather  than  directly  on  an 
aircraft. 

The  third  tier  of  Air  Force  maintenance  occurs  at 
Air  Logistic  Centers  (ALCs)  or  depots.  These  depots  are 
responsible  for  time-phase  overhauls,  major  repairs,  and 
modifications  to  reparable  assets.  Aircraft,  engines,  and 
various  types  of  electronic  equipment  are  examples  of 
these  assets. 

Engine  maintenance  can  take  two  forms,  scheduled 
or  unscheduled.  Scheduled  maintenance  occurs  when  a 
certain  operating  time  limit  is  reached.  Once  this  time  is 
passed,  or  as  soon  afterward  as  practicable,  the  engine  is 
removed  and  shipped  to  a  depot  were  an  overhaul  is 
accomplished.  Once  the  overhaul  has  been  completed  the 
engine's  clock  is  set  to  zero  and  it  is  considered  to  be 
"new."  Unscheduled  maintenance  occurs  when  a  discrepancy 
is  noted  in  an  engine.  An  attempt  is  made  to  correct  that 
discrepancy  while  the  engine  is  installed  in  the  aircraft. 


If  the  nature  of  the  problem  precludes  repair,  the  engine 
is  removed  and  an  attempt  is  made  to  repair  it  at  base 
level.  If  repair  is  impossible  or  infeasible,  the  engine 
is  sent  to  a  depot  where  the  engine  is  repaired  or 
rebuilt  (12;  13). 

Engines  are  "life  of  type"  purchases.  The  entire 
stock  is  bought  just  prior  to  or  during  aircraft  purchase. 
No  engines  are  purchased  after  the  initial  buy.  A 
defective  engine,  therefore,  is  repaired  and  an  old  engine 
is  overhauled  (15;  27:p.9-1;  12;  13). 

While  the  initial  purchase  is  important,  the 
greatest  impact  on  operations  occurs  during  system  life. 

An  underbuy  will  result  in  an  unacceptable  number  of 
aircraft  being  "not  mission  capable  supply"  (NMCS)  for 
engines.  An  overbuy  will  result  in  enormous  amounts  of 
money  being  channeled  into  unneeded,  expensive  excess 
inventory  (15;  27: p.1-1). 

Money  spent  on  the  procurement  and  maintenance 
of  an  engine  inventory  cannot  be  spent  on  some  other 
facet  of  operations.  Every  purchase  made  has  an 
opportunity  cost  (the  net  economic  benefit  that  would  have 
been  derived  from  the  next  best  alternative  course  of 
action)  associated  with  it  (22:567).  For  this  reason 
alone,  decisions  which  impact  engine  management  must  be 
studied  carefully. 

Each  engine  type  is  monitored  by  an  item  manager 
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and  assigned  to  specific  ALCs  for  depot  level  maintenance 
(13).  In  addition  to  being  viewed  as  an  end  item,  an 
engine  also  is  considered  a  line  replaceable  unit  (LRU) 
while  it  is  installed  (20:393).  Because  of  this,  spares 
are  locally  authorized  to  support  removal  and  replacement 
actions  (20:393). 

The  foregoing  description  establishes  the  engine 
management  system  as  a  multi-item,  multi-echelon 
production  and  inventory  system.  A  multi-echelon 
inventory  system  is  one  which  has  stocks  of  items  at 
different  warehouses  were  the  warehouses  have  a  supplier- 
user  relationship  (10:5).  In  the  engine  system,  the  tiers 
at  the  base  and  depot  are  the  major  echelons.  The  depot 
acts  as  a  supplier  and  the  base  as  a  user  (25:2). 

Multi-echelon  inventory  systems  tend  to  be 
unstable  (11:145;  5:33).  Inventory  levels  will  be  stable 
when  demand  is  stable.  But  they  will  fluctuate  when 
demand  fluctuates,  and  inventory  will  vary  more  than 
demand.  These  inventory  oscillations  will  be  aggravated 
by  the  presence  of  additional  levels,  regional  warehouses 
for  example,  between  the  source  of  the  inventory  and  the 
demand  (11:145;  5:33). 

Forrester  did  extensive  work  with  multi-echelon 
production  and  inventory  systems.  He  showed  that 
oscillations  in  inventory  levels  are  a  characteristic  of 
the  system  structure.  He  further  demonstrated  that  a 
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redaction  in  pipeline  times,  the  amount  of  time  an 
inventory  is  in  transit,  tends  to  reduce  these  oscillations 
(11:145;  5:33).  This  research  will  focus  on  the  effects 
of  changes  in  pipeline  time  on  the  availability  of  engines 
at  base  level. 

Problem  Statement 

Air  Porce  engine  management  has  two  goals:  The 
first  is  the  supply  of  serviceable  engines  to  users  at 
base  level  during  peace  time.  The  second,  and  most 
important,  is  the  supply  of  serviceable  engines  to  units 
participating  in  combat  operations. 

A  need  exists  to  study  the  effects  of  changes  in 
the  repair  pipeline,  the  time  required  to  repair  an  engine, 
on  the  engine  management  system.  This  thesis  will  present 
a  simulation  model  which  serves  this  purpose. 

Justification  for  Research 

Air  Force  Logistics  Command  employs  many  models. 
Among  these  are  ORLA,  Optimum  Repair  Level  Analysis, 

METRIC,  Multi-Echelon  Technique  for  Recoverable  Item 
Control,  and  MOD-METRIC,  a  modified  version  of  METRIC. 

ORLA  is  a  study  done  by  a  contractor  as  part  of  the 
system/equipraent  engineering  analysis  process.  It  provides 
a  basis  on  which  to  evolve  an  optimum  approach  to  repair 
or  discard  recommendations  (20:497).  MOD-METRIC  is  a  model 
which  deals  with  minimizing  the  total  expected  level  of 
backorders  for  a  higher  indentured  assembly,  subject  to  an 


investment  constraint  (20:459).  Both  of  these  models  are 
based  on  only  one  facet  of  the  engine  management  system. 
ORLA  deals  with  repair  or  discard  decisions.  MOD-METRIC 
deals  with  inventory. 

This  thesis  will  present  a  system  dynamics  model 
of  the  engine  management  system.  The  model  is  developed 
to  consider  repair  processes,  ordering  and  resupply, 
transportation  delays,  quality,  and  the  information 
structure  of  the  system.  As  developed,  the  model  has 
four  characteristics.  They  are: 

1.  The  model  is  active  and  dynamic.  The  former 
characteristic  deals  with  the  repair  and  replacement  of 
assets.  The  latter  is  concerned  with  the  time  dependent 
behavior  of  the  system.  Since  as  engines  are  used  over 
time  they  become  unserviceable  and  require  repair  and 
replacement,  this  is  consistent  with  the  engine  system. 

2.  It  is  flexible  enough  to  accomodate  the 
complex  interactions  of  a  multi-item,  multi-echelon  system. 
Again  this  is  consistent  with  engine  management  because  it 
is  a  multi-item,  multi-echelon  system. 

3.  It  is  able  to  identify  the  length  of  time 
the  system  is  in  an  unacceptable  condition.  This  is  to 
allow  for  the  study  of  changes  in  the  system  which  might 
adversely  affect  the  systems'  operation. 

4.  The  model  contains  expected  system  failure 
times  as  underlying  parameters.  Most  components  have  a 


distinctive  failure  interval.  By  incorporating  these  into 
the  model  more  realistic  results  can  be  expected 
(3:170-174). 

Clark  (1:59-62)  has  pointed  out  the  need  for 
such  a  model  to  aid  logistics  managers  in  the  analysis  of 
resource  system  goals.  Too  often  managers  tend  to  be 
narrow  in  their  view  of  a  system  and  the  manner  in  which  it 
operates.  This  "tunnel  vision"  occurs  because  managers 
tend  to  focus  on  their  own  area  of  concern  and  do  not 
consider  the  impact  their  decisions  might  have  on  other 
areas  of  the  system  (25:4). 

Any  system  which  relies  upon  the  interaction  of 
all  its  component  parts  to  function  correctly  can  be  called 
a  complex  system  (17:1;  6:p.1-1).  Such  complex  systems 
can  best  be  studied  by  use  of  computer  simulation 
(21:10-11).  Utilizing  simulation  techniques  to  study 
real  world  systems  has  several  advantages.  ?or  one,  it  is 
safer  than  making  changes  in  a  system  3ust  to  see  how  that 
system  reacts,  it  might  cease  to  exist!  Another  advantage 
of  computer  simulations  is  the  speed  with  which  results 
can  be  obtained.  An  experiment  on  a  real  world  system, 
if  planned  for  six  months,  will  take  six  months.  A 
computer  can  simulate  such  an  experiment  in  a  very  small 
fraction  of  that  time.  Additionally,  it  can  repeat  the 
simulation  several  times  in  order  to  allow  for  the 
gathering  of  statistical  data  on  the  results  of  the 
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different  runs  (5:17-18;  21:10-11). 

It  is  difficult  to  determine  the  exact  effect  any 
one  decision  will  have  on  a  complex  system.  The  main 
reason  for  this  is  that  most  managers  use  a  mental  image 
of  their  system  which  focuses  on  those  processes  which 
impact  on  their  area  of  responsibility  (24:4).  This  fact 
makes  it  extremely  difficult  to  ascertain  the  impact  policy 
changes  will  have  (1:2).  In  this  era  of  tight  money  and 
an  increased  emphasis  on  readiness,  methods  to  assess  the 
impact  of  policy  decisions  must  be  developed. 

Employing  dynamic  models  in  an  attempt  to  analyze 
the  control  and  behavior  of  complex  systems  is  called 
system  dynamics  (17:1;  3:2).  Roberts  (IS: 4)  notes  that  the 
behavior  of  a  system  is  determined  by  its  structure.  This 
structure  includes  not  only  the  physical,  but  also  the 
traditional  aspects  of  the  system.  Considering  every 
aspect  of  a  system  is  a  monumental  task  and  becomes  nearly 
impossible  without  some  underlying  structure  to  guide  the 
research.  This  structure  will  be  provided  by  using  the 
system  dynamics  approach  which  "provides  a  beginning  for 
replacing  confusion  with  order  /”’l8:4_7." 

Scope 

This  research  has  as  its  objective  the 
development  of  a  policy  analysis  model  of  the  Air  Force 
engine  management  system.  In  order  to  achieve  this  the 
system  dynamics  analysis  technology  developed  by  Forrester 


(5;  6),  will  be  used.  While  this  technology  is  extremely 
powerful,  it  will  not  produce  an  ultimate  model.  The 
reason  for  this  is  that  for  any  given  system  there  are  any 
number  of  models  which  can  be  developed.  The  choice  of  a 
model  must  be  based  upon  the  questions  being  asked  (5:60; 
18:38;  21:19).  This  forces  the  researcher  to  focus  on  a 
more  specific  purpose  than  the  simple  modelling  of  the 
system  under  study  (17:18). 

The  purpose  of  this  research  is  to  study  the 
effects  of  changes  in  pipeline  times  on  the  availability 
of  engines  at  base  level.  The  question  now  arises  as  to 
how  the  effectiveness  of  the  model  will  be  measured.  In 
todays  Air  Force,  a  great  deal  of  emphasis  is  placed  on 
readiness.  But  readiness  is  a  rather  nebulous  subject  and 
while  the  availability  of  engines  will  impact  readiness, 
there  can  be  no  real  measure  of  how  great  the  impact  will 
be.  A  better  measure  of  effectiveness  would  be  the 
furnishing  of  a  sufficient  number  of  engines  at  base  level 
to  keep  the  assigned  aircraft  operational. 

A  model,  as  described,  will  be  a  representation 
of  the  engine  management  system.  It  displays  system 
behavior  in  response  to  policy  changes  or  other 
disturbances.  The  effectiveness  of  model  performance 
will  be  based  on  keeping  the  assigned  unit  aircraft 
operational  with  respect  to  engines. 

The  General  Electric  J-79  engine  will  be  used  as 
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a  specific  engine  for  this  study.  There  are  several 
reasons  for  this  selection.  The  J-79  is  in  use  on  the 
P-4,  the  Israeli  Kfir,  and  P-104  (23;  24;  4).  Since  the 
engine  has  seen  such  extensive  duty,  a  model  repre¬ 
sentative  of  the  entire  engine  system  is  possible  with  the 
J-79.  Such  a  model  would  require  only  minor  changes  to 
fit  other  specific  engine-aircraft  systems. 

Research  Objectives 

The  major  objective  of  this  research  is  to  develop 
a  system  dynamics  model  which  demonstrates  the  effects  of 
policy  changes  on  the  availability  of  serviceable  engines 
at  base  level.  Subobjectives  include: 

1 .  Identification  of  the  major  processes  of  the 
engine  management  system; 

2.  Analysis  of  the  elements  of  these  processes, 
their  structure  and  relationships,  and  the  attributes  of 
these  elements  and  relationships; 

3.  Development  of  a  mathematical  model  which 
mirrors  the  engine  management  process; 

4.  Development  of  a  computerized  model  from  the 
mathematical  and  system  dynamics  models  of  the  system; 

5.  To  verify  the  performance  of  the  model  and 
validate  that  the  model  represents  the  system; 

6.  To  evaluate  the  model  as  a  policy  development 


and  analysis  tool; 


To  identify  areas  of  concern  for  policy  makers 


(5:13). 

Plan  of  Presentation 

This  chapter  has  established  and  presented 
background  for  the  research.  It  has  established  the  scope 
of  the  research  and  presented  objectives  and  subobjectives 
for  the  study.  The  next  chapter  will  present  the 
methodology  used  in  model  development.  Chapter  three 
traces  the  model  from  initial  conceptualization  through 
computerization.  The  fourth  chapter  focuses  on  validation 
of  the  model  by  experimenting  with  changes  in  the  input 
function.  The  final  chapter  summarizes  the  research 
findings  and  presents  recommendations  for  further  study. 


CHAPTER  2 


METHODOLOGY 

Introduction 

Chapter  one  laid  the  basic  groundwork  for  the 
development  of  a  dynamic  policy  analysis  model  of  the  Air 
Force  engine  management  system.  Discussed  in  this  chapter 
is  the  methodology  employed  in  model  development.  Causal 
loop  diagrams,  flow  diagram  symbols  and  system  equations 
for  a  model  will  be  presented  and  discussed. 

The  Systems  Science  Paradigm 

The  systems  science  paradigm  will  be  utilized  to 
guide  model  development.  The  main  reason  for  this  choice 
is  its  ease  of  conversion  to  DYNAMO,  the  simulation 
language  chosen  for  this  project.  The  paradigm,  as 
described  by  Schoderbek,  Schoderbek,  and  Kefalas 
(19:279-306),  is  divided  into  three  phases; 
conceptualization,  analysis  and  measurement,  and 
computerization.  Each  of  these  phases  now  will  be 
discussed. 

Conceptualization 

The  systems  science  paradigm  begins  with  system 
conceptualization.  Included  in  this  conceptualization  are 
those  processes  considered  to  be  relevant  to  system 
behavior.  In  analyzing  these  processes,  the  model  builder 
must  search  out  the  goals  and  major  outputs  of  each  proces 


and  the  requirements  for  that  output.  The 
conceptualization  phase  focuses  on  the  structure  and 
relationships  of  each  element  in  the  system  and  the 
attributes  and  relationships  of  these  elements.  This 
framework  is  shown  in  Figure  2-1  (19:5-22) 

INPUT - >  PROCESS - 

Resources  Elements 

Requirements  (Structure, 

Relationships, 
and  Attributes) 

Pig.  2-1 

Analytical  Framework  of  the 
Conceptualization  Phase 

The  major  thrust  of  the  conceptualization  phase 
is  to  start  understanding  the  interactions  of  the  system, 
both  internal,  between  elements,  and  external,  between  the 
system  and  environment,  as  soon  as  possible.  Because  of 
the  complexity  of  these  interactions  the  analyst  must 
first  begin  with  a  general  picture  of  the  system  and  refine 
the  model  into  higher  degrees  of  resolution  (19:297).  This 
model  building  can  and  should  begin  early.  As  soon  as 
enough  is  known  about  the  structure  and  relationships  in 
the  system  to  do  so  (IS;  8:5)# 

A  good  place  to  start  building  a  model  is  to 
develop  causal-loop  diagrams,  diagrams  based  upon  the 


^  OUTPUT 
Goal 

Measurement 


13 


feedback  loop  characteristics  of  the  system  (25:15).  In 
building  these  diagrams,  hypothesized  relationships  between 
the  elements  are  specified  by  considering  the  elements 
pairwise.  An  arrow  is  used  to  designate  the  dependent- 
independent  variable  relationship.  A  "+w  or  sign 
indicates  the  relationship  between  the  two  variables. 

These  pairwise  relationships  sure  then  assembled  into  a 
cause  and  effect  diagram  of  the  feedback  structure  of  the 
system. 

An  example  of  a  causal  diagram  depicting  engine 
usage  is  shown  in  Figure  2-2.  As  the  flying  hour  program 
increases,  the  flying  hours  per  aircraft  will  also 
increase.  As  the  hours  per  aircraft  are  increased  the 
demand  for  engines  will  go  up  and  cause  an  increase  in 
unserviceable  engines.  At  the  same  time,  the  serviceable 
engines  inventory  will  decrease.  However,  increasing  the 
serviceable  engines  inventory  will  increase  the  number  of 
serviceable  aircraft.  This  increase  in  serviceable 
aircraft  will  decrease  the  number  of  flying  hours  per 
aircraft. 

The  positive  or  negative  signs  at  the  head  of  an 
arrow  indicate  the  relationship  between  the  variable  at  the 
tail  and  the  one  at  the  head.  If  there  is  a  plus  sign  at 
the  arrowhead  a  direct  relationship  exists.  An  increase 
or  decrease  in  the  variable  at  the  tail  will  cause  a  like 
change  in  the  one  at  the  head.  A  minus  sign  indicates  the 


existence  of  an  inverse  relationship.  An  increase  or 
decrease  in  the  variable  at  the  tail  will  have  an  opposite 
effect  on  the  variable  at  the  head. 


Plying  Hour 
Program 


+ 


Plying 

Hours/Aircraft 


Serviceable 

Aircraft  (+) 


Engine 
Demand  Rate 


Engine  Usage 

an  Example  of  a  Causal  Loop 
Diagram 


A  causal  loop  diagram  can  be  either  positive  or 
negative.  A  positive  feedback  loop,  as  shown  in  Figure 
2-2,  is  characteristic  of  growth  systems.  The  positive 
feedback  can  lead  to  uncontrollable  growth  or  decay.  If 
one  or  more  such  loops  exist  in  a  system,  that  system 
potentially  is  unstable.  Conversely,  a  negative  feedback 


loop  is  one  which  opposes  change.  Any  system  which 
contains  these  loops  potentially  is  stable.  The  existence 
of  negative  or  positive  feedback  loops  can  be  determined  by 
counting  the  number  of  minus  signs  around  the  loop.  If 
there  are  an  even  number  of  these  signs  then  the  loop  is 
positive.  An  odd  number  of  minus  signs  indicates  a 
negative  feedback  loop  (17:7-8;  8:15*16). 

In  constructing  causal  loop  models  of  a  system, 
further  definition  of  that  system  is  achieved.  Once  this 
is  completed  the  next  phase,  analysis  and  measurement,  can 
be  initiated. 

Analysis  and  Measurement 

The  second  stage  of  the  systems  science  paradigm 
involves  further  analysis  of  the  hypotheses  put  forth 
during  conceptualization.  Two  major  items  come  out  of  the 
analysis  phase.  First  a  flow  diagram  is  developed  from  the 
causal  loop  diagrams.  Once  the  flow  diagram  is  complete  a 
set  of  mathematical  equations  which  quantify  the 
interactions  depicted  in  the  flow  diagram  are  developed. 

In  this  sense,  system  dynamics  technology  is  excellent  for 
this  stage  of  model  development.  The  flow  diagram  symbols 
shown  in  Figure  2-4  form  a  good  transition  from  causal 
diagrams  to  dynamic  equations. 

Flow  Diagrams.  The  relationships  postulated  during  the 
conceptualization  phase  further  can  be  broken  down  into 
flows  of  material,  orders,  money,  personnel,  capital 


equipment,  and  information.  This  last  is  considered  the 
most  important.  These  diagrams  are  explicit  in  their 
treatment  of  the  decision  structure  which  controls  these 
flows  (5:93-96).  The  diagram  graphically  shows  the 
interactions  between  elements  of  the  system.  This 
graphical  depiction  lends  a  clarity  to  these  interactions 
and  links  verbal  descriptions  of  the  system  to  the  rate 
equations  (5:81). 

These  diagrams,  based  on  information  about  the 
system,  depict  relationships  in  terms  of  levels  and  rates. 
Levels  can  be  thought  of  as  accumulations  within  a  system. 
The  number  of  engines  stocked  at  an  air  base  is  an  example 
of  a  level.  A  level  is  determined  by  the  difference 
between  what  is  put  in  and  what  is  taken  out.  This  would 
be  analogous  to  usage,  in  the  case  of,  inventories  or  the 
turnover  of  personnel.  These  inputs  and  outputs  are 
referred  to  as  rates  (5:68).  A  rate  is  the  flow  between 
two  levels  in  a  system  and  is  determined  by  the  levels 
they  connect  (5:69).  In  order  to  ascertain  whether  a 
factor  is  a  rate  or  a  level  the  system  is  mentally  brought 
to  a  halt.  If  the  factor  still  exists  it  is  a  level 
(5:68). 

In  order  to  make  flow  diagrams  a  better  tool  for 
depicting  decision  functions  several,  other  symbols  are 
added.  These  symbols  are  the  source/sink,  auxiliary 
variable,  parameter  and  delay.  Flow  diagram  symbols  and 
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definitions  are  shown  in  Figure  2-4.  These  symbols,  when 
combined  into  a  flow  diagram,  depict  information  flows, 
indicate  where  delays  are  encountered,  identify  where  and 
how  decisions  are  made,  and  how  all  of  this  affects  rates. 

Figure  2-3  is  given  as  an  example  of  a  flow 
diagram.  Items  flow  from  a  source  at  a  certain  rate 
(RATE1 )  into  a  level  (LEVI)  and  through  another  rate 
(RATE2)  out  of  the  system  via  a  sink.  RATE1  is  determined 
by  LEVI,  a  constant  (CONST)  and  an  auxiliary  (AUX1). 

RATE2  is  determined  by  an  auxiliary  (AUX2),  AUX1  and  LEVI. 


Fig.  2-3 

An  Example  of  a  Flow  Diagram 

System  Equations.  System  equations,  depict  mathematically 
the  rates  of  flow  occurring  between  levels  of  a  system 
(5:77).  These  equations  are  developed  separately  for 
each  variable  and  then  brought  together  to  form  a 
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Fig.  2-4 

Flow  Diagramming  Symbols  (5:82-84) 
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representation  of  the  system.  As  Forrester  (5:140-141) 
notes,  these  equations  describe  those  relationships  which 
have  been  deemed  significant.  The  degree  of  correctness 
or  incorrectness  of  these  equations  is  dependent  upon  the 
correctness  or  incorrectness  of  the  perception  of  the 
system  itself  (5:77). 

DYNAMO  equations  can  be  postulated  from  the  flow 
diagram  shown  in  Figure  2-3.  The  level  equation  for  LEVI 
is  a  relatively  simple  matter.  This  is  because  all  level 
equations  have  the  same  basic  structure.  It  can  be  written 
as  follows: 

L  LEVI .K=LEV1 . J+DT*(RATE1-RATE2 ) 

All  level  equations  are  written  in  this  format  (17:76; 
5:143). 

The  rate  equations  are  quite  another  matter.  Rate 
equations  are  very  difficult  to  formulate  because  of  their 
nature.  They  can  be  represented  by  any  number  of 
mathematical  relationships.  One  possible  way  to  write  the 
equation  for  RATE1  is: 

R  RATE1 ,JK=LEV1 ,K+(AUX1 .K*C0NST) 

This  is  an  example  of  a  feedback  structure.  The 
amount  of  material  flowing  through  RATE1  is  controlled  by 
the  amount  of  material  in  LEVI  plus  the  product  of  AUX1 
and  CONST.  This  is  simply  one  example.  Each  rate 
equation  must  be  based  upon  the  relationships  which  the 
modeler  finds  (5:144;  17:79). 


Time  is  depicted  in  DYNAMO  equations  by  the  use  of 
subscripts.  In  level  and  auxiliary  equations  these 
subscripts  are  J,  K,  and  L.  They  represent  the  past, 
present  and  future  time  periods  respectively.  Rate 
variables  have  two  different  subscripts.  The  subscript  JK 
is  used  to  represent  the  time  period  just  past,  KL  is  used 
to  represent  the  next  time  period  (17:68-69;  5:75-76; 

6: p.5-1  to  5-2).  Figure  2-5  shows  the  relationship  between 
the  time  periods.  DT  stands  for  delta  time,  the  amount  of 
time  which  elapses  between  successive  computations  (17:68; 
5:73-74;  6:p.6-3). 
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Fig.  2-5 

Timescripts  J,  K,  and  L  in  DYNAMO  (17:69) 


Once  the  flow  diagrams  and  system  equations  have 
been  developed,  the  analyst  is  ready  to  begin  the  final 
stage  of  the  systems  science  paradigm,  computerization. 
Computerization 

The  last  stage  of  the  systems  s<-  !ence  paradigm 


involves  the  computerization  of  the  mathematical  model 
constructed  in  the  second  phase.  The  DYNAMO  simulation 
language,  specially  designed  to  ease  the  translation  of  the 
model  to  equations  for  use  on  a  computer,  enables  a  rapid 
feedback  of  the  results  of  simulation  runs.  This  quick 
turn-around  time  aids  in  deciding  if  the  model  is 
appropriate  (2:186).  The  results  of  this  final  phase  may 
lead  to  a  reassessment  of  the  previous  steps  taken.  This 
makes  the  entire  process  iterative  in  nature. 

Evaluation 

During  the  final  phase  of  the  paradigm  the 
computerized  model  is  evaluated.  This  evaluation  consists 
of  verification,  validation,  and  sensitivity  analysis  of 
the  model  (3;  21). 

Verification.  This  is  simply  ensuring  the  system  operates 
as  intended.  Basically,  this  means  ensuring  the 
computational  sequence  of  the  model  is  correct  (21:210). 
Validation.  Validation  of  the  model  entails  comparing 
model  behavior  to  the  behavior  of  the  real  world  system 
(3:182;  21:29-30).  Making  this  determination  requires 
decisions  be  made  by  the  analyst  about  how  closely  the 
behaviors  are  linked.  Unfortunately,  there  is  no  other 
way  to  do  this  at  the  present  time.  The  validation  of  a 
model  is  undoubtedly  the  most  difficult  part  of  a 
simulation  experiment  (14:309). 


Presently  a  simple  test  for  model  validity  does 


not  exist  (21:29;  7:209).  However,  there  are  several 
recognized  standards.  Forrester  (5)  has  pointed  out  that 
for  any  one  system  there  is  an  almost  limitless  number  of 
valid  models.  The  validity  of  any  model  must  be  judged  by 
its  purpose  and  how  well  it  meets  that  purpose.  Validity 
can  have  no  meaning  if  it  is  divorced  from  purpose  (5:115). 

Forrester  and  Senge  (7:209-229)  feel  that  tests  of 
model  structure,  model  behavior  and  a  model's  policy 
implications  all  contribute  to  model  validation.  These 
tests  serve  to  build  confidence  that  the  model  reflects  the 
real  world  system.  The  results  of  these  tests  can  be  used 
to  instill  confidence  in  the  model  in  persons  who  were  not 
directly  involved  in  model  construction. 

In  discussing  validity,  Coyle  (3:182-184)  suggests 
that  the  following  questions  be  asked: 

1 .  Is  the  boundary  correct? 

2.  Are  any  gross  errors  apparent? 

3.  Does  the  model  structure  mirror  reality? 

4.  Are  the  parameter  values  right? 

5.  Is  system  behavior  reproduced  by  the  model? 
Coyle  further  states,  that  if  the  model  has  been  built 
carefully  and  in  conjunction  with  system  managers  the  best 
test  of  validity  has  already  been  performed. 

Validation  of  this  model  will  be  measured  by  how 
well  it  demonstrates  the  effects  of  changes  in  the  flying 
hour  program  on  the  availability  of  engines  at  base  level. 
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Sensitivity  Analysis.  Sensitivity  analysis  is  performed  by 
changing  parameters  and/or  model  structure  in  an  attempt 
to  measure  the  effect  those  changes  have  on  model 
performance  (5:196.  In  order  to  keep  this  from  becoming 
an  exercise  in  model  use,  the  model  must  be  validated. 

Only  if  the  model  has  been  validated  can  sensitivity 
analysis  be  used  to  assess  the  effects  of  changes  on  the 
system. 

Summary 

Discussed  in  this  chapter  was  the  basic 
methodology  involved  in  developing  a  system  dynamics  model. 
The  systems  science  paradigm,  as  the  basis  of  this 
research,  was  discussed.  Causal-loop  or  influence  diagrams 
were  presented  along  with  flow  diagrams  and  system 
equations.  The  chapter  concluded  with  a  discussion  of  the 
evaluation  of  system  dynamic  models. 


CHAPTER  3 
MODEL  DEVELOPMENT 
Introduction 

Trichlin  and  Trempe  (25:Ch.3)  have  developed  a 
model  of  the  Air  Force  reparable  asset  system.  This  model 
portrays  the  LRU/SRU  relationship.  An  LRU,  line 
replaceable  unit,  is  an  item  which  is  normally  removed  and 
replaced  as  a  unit  to  correct  a  defiency  or  malfunction. 
Spares  are  locally  authorized  to  support  this  removal  and 
replacement.  An  engine  can  be  considered  an  LRU.  Engines 
are,  at  times,  removed  and  replaced  to  correct 
malfunctions.  Because  of  the  possibility  of  this  action 
spare  engines  are  authorized  to  be  stocked  at  base  level. 

An  SRU,  shop  replaceable  unit,  is  a  module  for  an  LRU 
which  can  be  removed  from  the  LRU  at  an  intermediate  repair 
facility.  This  makes  the  repair  of  LRUs  dependent  upon  the 
stock  of  spare  SRUs. 

This  study  uses  the  General  Electric  J-79-17 
engine  as  the  representative  LRU.  The  compressor  section 
of  this  engine  will  serve  as  the  SRU.  Since  both  of  these 
items  must  be  stocked  at  both  the  base  and  depot  level,  the 
system  can  be  considered  a  multi-item,  multi-echelon 
system. 

Overview 

This  chapter  will  detail  the  process^of  model 


development.  The  model  which  will  be  used  in  this  study  is 
the  one  developed  by  Trichlin  and  Trempe  (25:Ch.3).  While 
their  model  was  based  on  an  avionics  component, 
similarities  do  exist  between  the  two  systems.  In  both  the 
avionics  repair  system  and  the  engine  repair  system,  items 
are  LRUs  made  up  of  SRUs.  Both  systems  have  repair 
capabilities  in  place  at  both  base  and  depot  levels  and 
both  require  spares  be  stocked  at  base  and  depot  level. 

The  two  systems  are  both  multi-item,  multi-echelon 
production  and  inventory  systems. 

One  major  difference  is  this;  once  an  engine  buy 
is  made  no  additional  engines  are  purchased  (12;  13;  13; 

27: p.9-1).  This  is  not  true  of  most  spare  items, 
additional  spares  can,  and  at  times,  are  purchased  after 
the  initial  buy.  Also,  because  of  the  way  engines  are 
overhauled  at  the  depot  (on  an  assembly  line  with  parts 
being  rebuilt  or  remanufactured,  as  necessary),  very  few 
engines  are  lost  due  to  condemnations.  In  fact,  most  of 
the  engines  lost  to  the  system  are  due  to  aircraft  crashes, 
in  this  case  the  ratio  of  spares  to  installed  engines 
improves. 

Figure  3-1  is  a  conceptual  model  of  the  engine 
management  system.  Each  base  has  its  own  stock  of 
serviceable  engines.  Through  usage,  these  engines  become 
unserviceable.  These  unserviceables  can  be  repaired  at 
base  level  or  declared  "not  reparable  this  station"  ( NRTS ) 
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Pig.  3-1 .  The  Air  Force  Engine  System 


and  sent  to  the  depot  for  repair.  Engines  which  can  be 
repaired,  at  base  level,  are  repaired  and  placed  in  a 
queue  to  await  use.  Those  engines  which  are  sent  to  depot 
for  maintenance  are  placed  in  an  unserviceable  assets 
inventory  and  via  the  depot  repair  process,  they  are 
converted  to  serviceable  assets.  They  then  become 
available  for  use  to  fill  orders  for  engines  from  base 
level.  These  orders  can  be  either  routine  or  priority.  A 
routine  order  is  one  needed  to  keep  an  inventory  at  a 
certain  level.  A  priority  order  is  one  which  is  needed  to 
support  aircraft  operations. 

The  model  shows  the  way  the  system  is  set  up,  each 
component  can  be  used  to  describe  a  sector  of  the  overall 
model.  The  model  is  discussed  in  sectors  because  that  is 
the  way  the  model  was  developed.  Each  sector  is  developed 
as  a  separate  entity,  when  the  modeler  is  satisfied  with 
its  structure  and  performance  he  goes  on  to  the  next.  Once 
all  of  the  sectors  are  complete  and  working  they  are 
brought  together  to  form  the  final  model  (17:63).  Since 
the  model  was  developed  in  sectors  it  is  easier  to  describe 
the  process  of  this  development  in  sectors.  For  this 
reason,  the  model  will  be  discussed  in  the  following  order: 

1 .  Base  Engine  Demand  Generation 

2.  Base  Engine  Repair  Process 

3.  Base  Compressor  Repair 

4.  Quality  Effects 

5.  Base  Requisition 

6.  Depot  Repair 

7.  Depot  Resupply 


Each  sector  of  the  model  is  first  developed  into 
a  causal  diagram.  The  causal  diagram  is  then  turned  into 
a  flow  diagram.  From  the  flow  diagram,  system  equations 
are  developed. 

System  Structure 

In  any  modelling  effort  certain  assumptions  must 
be  made.  These  assumptions  help  limit  the  size  of  the 
model  and  allow  the  researcher  to  concentrate  on  the  area 
in  which  he  is  interested.  This  model  was  developed  using 
the  following  structure: 

1 .  The  model  deals  with  the  interaction  between 
only  one  base  and  the  depot.  This  was  done 
to  avoid  unnecessary  complexity  in  the  first 
stages  of  model  building.  It  allows  the 
basic  interactions  to  be  considered.  In 
reality  several  bases  interact  with  the  depot. 
However,  because  of  standardization  all 
transactions  are  basically  the  same. 

2.  Only  one  SRU,  the  compressor  section,  is  used 
to  describe  the  LRU/SRU  relationship.  This 
also  was  done  to  avoid  unnecessary 
complexity.  While  there  are  several  SRUs  in 
one  engine,  any  malfunctioning  SRU  will  cause 
an  engine  to  malfunction.  Again  the 
interactions  are  basically  the  same. 

3.  This  study  concentrated  on  engines  which  had 
to  be  removed  for  maintenance.  On  aircraft 
maintenance  was  not  considered.  This  was  done 
because  the  objective  of  this  research  was  to 
study  the  effects  of  pipeline  times  on  the 
system. 

4.  No  engines  were  allowed  to  leave  the  system. 
That  is,  no  condemnations  of  engines  were 
allowed,  this  is  appropriate  because  engines 
are  a  "life  of  type"  purchase  and  every  effort 
is  made  to  keep  an  engine  in  operating 
condition. 
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5.  The  effects  of  losses  due  to  aircraft  crashes 
was  not  considered.  For  the  purpose  of  the 
model  crashes  were  considered  to  be  a  rare 
event  and,  therefore,  could  be  ignored. 

This  chapter  outlines  the  final  model  development. 
The  work  is  based  upon  the  model  developed  by  Trichlin  and 
Trempe  (25:Ch.3).  Both  models  are  representations  of 
multi-item,  multi-echelon  inventory  systems  within  the  Air 
Force. 

Base  Level  Engine  Demand  Generation 
Process  Description 

During  daily  operations,  an  aircraft  engine  may  be 
reported  as  malfunctioning.  This  report  is  made  during 
post- flight  maintenance  debriefings.  Shortly  after  this 
report  a  technician  is  dispatched  to  the  aircraft  to 
correct  the  discrepancy.  At  this  point,  the  problem  can 
be  diagnosed  and  corrected  at  the  aircraft  or  if  not 
corrected,  an  engine  change  may  be  necessary.  If  an 
engine  change  is  necessary,  a  demand  is  made  on  the  spare 
engines  available,  and  a  change  is  made.  The  bad  engine 
then  moves  into  the  base  repair  cycle.  This  demand  for  a 
replacement  engine  is  characterized  by  its  mean  time 
between  demand  (MTBD).  While  the  initial  agent  in  this 
cycle  was  the  mean  time  between  failure  (MTBF),  it  does 
not  appear  to  be  as  important  as  the  MTBD.  MTBF  is  a 
component  of  MTBD  but  other  factors  also  affect  MTBD.  The 
number  of  engines  in  operation,  the  quality  of  the 


maintenance  work  and  the  skill  of  the  workers  are  some 
examples.  The  MTBD  is  a  mean  of  the  probability 
distribution  of  demands  for  that  engine  over  time. 

In  considering  the  factors  that  influence  MTBD, 
it  would  seem  that  only  the  utilization  rate  could  be 
varied  with  any  amount  of  ease.  Theoretically,  the  usage 
rate  of  an  engine  could  be  set  at  any  level  leaving 
maintenance  to  sink  or  swim,  either  succeeding  or  failing 
to  support  this  rate.  Trichlin  and  Trempe  (25:45)  note 
that  this  rate  is  " usually  set  with  the  limitations"  of 
the  maintenance  system  as  a  consideration.  This  would 
indicate  that  system  managers  take  many  factors  into 
consideration  when  setting  desired  usage  levels. 

The  flying  hour  program  is  the  driving  factor  in 
considering  the  workings  of  the  engine  management  system. 
From  the  flying  hour  program  is  derived  the  engine  use 
rate,  the  level  of  spares  required,  and  the  amount  of  man¬ 
hours  needed  to  support  a  given  flying  hour  program.  For 
this  reason  the  flying  hour  program  is  to  be  the  input 
variable  for  this  model. 

Causal -Loop  Diagram  of  the 

Demand  generation 

Sector 

Based  upon  the  foregoing  description  a  causal- 
loop  diagram  (Figure  3-2)  of  the  base  engine  demand 
generation  process  can  be  drawn. 
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Plying  Hour 


Pig.  3-2.  Causal-Loop  for  the  Engine  Demand  Rate  Sector 


The  number  of  serviceable  aircraft  is  directly 
related  to  the  number  of  serviceable  engines.  At  the  same 
time,  as  more  aircraft  are  available  the  average  flying 
hours  per  aircraft  will  decrease.  The  flying  hour  program 
will  impact  directly  on  flying  hours  per  aircraft.  As  the 
flying  hour  program  goes  up  the  number  of  operational 
hours  per  engine  will  also  increase,  as  will  the  failure 
rate.  This  causes  an  increase  in  the  engine  demand  rate. 
Increasing  the  demand  for  spare  engines  will  deplete  the 
inventory  of  serviceable  spares. 

Maintenance  quality  is  also  a  determinant  of  the 
engine  demand  rate.  However,  it  is  a  separate  sector  of 
the  model  and  will  be  discussed  later. 

Flow  Diagram  for  the  Engine 
Demand  Generation  Sector 

The  flow  diagram  for  this  sector  is  shown  in 
Figure  3-3. 

In  this  sector,  the  level  of  serviceable  inventory 
of  engines  (SINVE)  is  acted  on  by  the  rate  of  demand  for 
engines  ( RDEM ) .  This  process  turns  the  serviceable 
inventory  of  engines  into  an  unserviceable  inventory  of 
engines  (USINVE).  Two  auxiliary  chains  are  used  to  help 
define  RDEM.  The  rate  of  effort  (ROE)  and  the  mean  time 
between  demand  (MTBD)  chains. 


The  rate  of  effort  chain  begins  with  serviceable 
aircraft  (SVC AC)  this  variable  acts  directly  on  ROE  and  is 


Pig.  3-3.  Flow  Diagram  for  the  Rate  of  Demand  Generation  Sector 


TABLE  3-1 

Variables  Appearing  in  Figure  3-3 


SVC AC  - 
SINVE  - 
NAC 
DAU 

FHP 
RAUF 
AUFTAB  - 
AUL 
RAU 

ROE 

MTBDD  - 
RN 

MTBDI  - 
MTITAB  - 
IMTBD  - 
QF 

MTBDSF  - 

RDEM 

ECF 


SERVICEABLE  AIRCRAFT  (UNITS) 

SERVICEABLE  INVENTORY  OF  ENGINES  (ENGINES) 
NUMBER  OF  AIRCRAFT  (UNITS) 

DESIRED  AIRCRAFT  UTILIZATION  (FLY  HR/WK/ 
AIRCRAFT) 

FLYING  HOUR  PROGRAM  (FLY  HR/WK) 

REALIZED  AIRCRAFT  UTILIZATION  FACTOR 
AIRCRAFT  UTILIZATION  FACTOR  TABLE 
ABSOLUTE  UTILIZATION  LIMIT  (FLY  HR/ AIRCRAFT/ WK) 
REALIZED  AIRCRAFT  UTILIZATION  (FLY  HR/ AIRCRAFT/ 
WK) 

RATE  OF  EFFORT  (FLY  HR/WK) 

MEAN  TIME  BETWEEN  DEMAND  DISTRIBUTION  (FLY/HR) 

RANDOM  NUMBER 

MTBD  INTERVAL  (WKS) 

MEAN  TIME  INTERVAL  TABLE 
INSTANTANEOUS  MTBD  (FLY  HR) 

QUALITY  FACTOR 

MTBD  SMOOTHING  FACTOR  (WKS) 

RATE  OF  DEMAND  ( ENGINES/ WK) 

ENGINE  CORRECTION  FACTOR  (ENGINES/ AIRCRAFT) 
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acted  upon  by  the  level,  SINVE,  and  the  number  of  assigned 
aircraft  (NAC),  a  constant.  SVCAC  combines  with  the  flying 
hour  program  (FHP)  to  yield  the  desired  aircraft 
utilization  (DAU).  DAU  combines  with  the  absolute 
utilization  limit  (AUL)  and  the  aircraft  utilization  factor 
table  (AUFTAB)  to  produce  the  realized  aircraft  utilization 
factor  (RAUF).  AUL  and  RAUF  combine  to  form  the  realized 
aircraft  utilization  (RAU)  which  combines  with  SVCAC  to 
yield  the  rate  of  effort  (ROE). 

The  other  auxiliary  chain  which  defines  mean  time 
between  demand  (MTBD)  is  described  as  follows:  The 
instantaneous  mean  time  between  demand  (IMTBD)  is 
determined  by  the  mean  time  interval  table  (MTITAB)  and  a 
random  number  (RN)  and  the  mean  time  between  demand 
distribution  ( MTBDD ) .  MTBDD  is  taken  from  a  normal 
distribution  with  a  mean  of  560  hours  and  a  standard 
deviation  of  60  hours.  This  was  obtained  from  the  D024F, 
"Propulsion  Unit  Actuarial  Experience  Computations," 
reports  for  the  last  five  years.  The  IMTBD  is  combined 
with  the  MTBD  smoothing  factor  (MTBDSF)  and  the  quality 
factor  through  a  smooth  function  to  yield  the  mean  time 
between  demand  (MT3D).  The  ROE  and  MTBD  variables  com¬ 
bine  to  yield  the  RDEM. 

From  this  flow  diagram  DYNAMO  equations  are 
formed.  These  equations  are  discussed  next. 
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DYNAMO  Equations  for  the  Engine 
Demand  Generation  Sector 

Using  flow  diagrams  as  a  guide,  DYNAMO  equations 
were  developed.  These  equations  will  now  be  discussed. 

The  first  set  of  equations  to  be  considered  are 
those  which  deal  with  the  determination  of  serviceable 
aircraft. 

A  SVCAC .K=MIN( (sinve.k/ecf) ,NAC) 

C  NAC=72 

C  ECF=2 

SVCAC  is  a  minimum  function  because  at  any  point  in  time 
there  will  never  be  more  serviceable  aircraft  than  the 
total  number  of  aircraft  assigned.  Since  the  aircraft 
under  consideration  is  the  twin  engine  F-4,  the  aircraft 
must  have  two  good  engines  to  be  considered  serviceable. 
For  this  reason,  SVCAC  will  be  a  minimum  of  the  number  of 
assigned  aircraft  and  the  SINVE,  the  total  number  of 
engines  installed  and  spares  on  a  base,  divided  by  the 
engine  correction  factor  (ECF).  ECF  is  equal  to  two, 
representing  two  engines  per  aircraft.  By  using  this 
constant  a  change  can  be  made  to  allow  for  the  study  of 
other  aircraft-engine  systems.  Seventy- two  was  chosen  as 
the  value  for  NAC  because  it  represented  the  number  of 
aircraft  which  could  be  found  at  a  large  wing. 

The  desired  aircraft  utilization  (DAU) 
determination  is  considered  next. 
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A  DAU.K=FHP.K/3VCAC.K 

Managers  will  wish  to  spread  the  impact  of  the  flying  hour 
program  evenly  over  the  entire  fleet.  In  the  long  run, 
this  probably  occurs,  however,  in  the  near  term  some 
aircraft  are  likely  to  be  used  more  often  than  others. 

The  realized  aircraft  utilization  factor  (RAU?) 
is  taken  from  a  table  function  using  DAU.K/AUL  as  an  input 
As  Figure  3-4  shows,  as  DAU.K/AUL  approaches  unity  RAUF 
will  increase  but  begin  to  level  out  at  .35.  The  shape  of 
this  graph  is  intended  to  show  that  as  utilization 
increases  the  realized  aircraft  utilization  factor  will 
also  go  up. 
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Fig.  3-4 

Realized  Aircraft  Utilization  Factor  Table 


However,  because  some  aircraft  will  not  be  used  as  much 
as  others,  the  overall  usage  will  be  around  .85.  This  is 
determined  by  constraints  such  as,  resources,  personnel  and 
equipment.  The  function  has  a  minimum  to  show  that  there 
must  be  some  low  value  for  the  flying  hour  program.  This 
minimum  is  the  lowest  which  would  be  used  to  justify  the 
unit's  continuing  in  existence. 

Because  the  maintenance  function  of  this  system  is 
subject  to  resource  constraints  there  must  be  a  limit  on 
the  number  of  flying  hours  per  week  flown.  Also  because 
several  hours  are  needed  for  maintenance  activities  such 
as,  refueling,  post- flight  inspection,  and  unscheduled 
maintenance,  an  absolute  utilization  limit  (AUL)  is  set. 

The  value  of  AUL  will  be  25  hours  per  week. 

The  next  equation  which  will  be  considered  is  the 
realized  aircraft  utilization  (RAU).  It  is  obtained  by 
multiplying  AUL  by  RAUF. 

A  RAU. K- RAUF. K* AUL 

The  auxiliary,  rate  of  effort  (ROE),  is  derived 
from  an  information  delay,  DLINF3 ,  of  RAU  multiplied  by 
SVCAC  delayed  over  one  week.  As  the  number  of  serviceable 
aircraft  goes  up  ROE  will  go  down  and  vice  versa.  It 
takes  less  effort  to  do  the  same  amount  of  flying  with 
more  aircraft,  all  other  things  being  equal. 

The  mean  time  between  demand  distribution  (MTBDD) 
is  taken  from  the  NORMRN  macro.  It  uses  an  average  mean 
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time  between  demand  of  560  hours  with  a  standard  deviation 
of  60  hours.  These  values  were  obtained  from  the  D024F, 
report  of  engine  removals,  for  the  past  five  years. 

A  MTBDD. K=N0RMRN( 560, 60) 

Also  in  this  sector,  a  random  number  (RN)  is 
generated  using  the  noise  function.  This  random  number  is 
used  as  the  input  function  for  the  mean  time  between  demand 
interval  (MTBDI).  The  mean  time  interval  table  (MTITAB) 
causes  a  random  number  to  be  held  for  from  four  to  twelve 
weeks  of  simulation  time.  If  the  value  of  RN  is  less  than 
or  equal  to  zero  the  MTBDI  will  be  held  for  four  weeks. 

If  it  is  greater  than  zero  MTBDI  will  be  held  for  twelve 
weeks. 

The  sample  macro  allows  am  instantaneous  MTBD  to 
be  drawn  from  MTBDD ,  MTBDI,  and  560  hours. 

A  RN.K=N0I3E() 

A  MTBDI . K=TABLE ( MTITAB, RN.K,-. 5 » .5, .5,1) 

T  MTITAB=4/12 

A  IMTBD . K=S AMPLE ( MTBDD . K , MTBDI . K , 560 ) 

MTBD  is  derived  by  multiplying  the  quality  factor 
(QF)  by  the  smoothed  IMTBD.  The  smoothing  factor  (MTBDSF) 
is  five  weeks.  Five  weeks  is  a  sufficient  amount  of  time 
to  avoid  abrupt  changes  in  MTBD. 

A  MTBD . K=QF* ( SMOOTH ( IMTBD . K , MTBDSF ) ) 

C  MTBDSF=5 

The  MTBD  and  ROE  chains  are  used  to  derive  the 


rate  of  demand  ( RDEM ) .  RDEM  is  obtained  by  dividing  ROE 
by  MTBD. 

Discussed  in  this  section  was  the  development  of 
the  demand  generation  sector.  The  next  section  will 
discuss  the  development  of  the  engine  repair  sector. 

Base  Engine  Repair  Process 
Process  Description 

In  this  sector,  the  process  of  repairing 
unserviceable  engines  and  returning  them  to  the  serviceable 
engine  inventory  is  discussed.  Because  of  flying 
activities,  engines  fail  and  are  replaced  by  serviceable 
engines.  This  cycle  decreases  the  number  of  serviceable 
engines  and  increases  the  number  of  unserviceables  on  a 
base  at  any  given  time.  An  increase  in  the  unserviceable 
inventory  will  cause  a  manager  to  increase  shop  work  rates 
in  an  attempt  to  return  unserviceable  engines  to  the 
serviceable  inventory.  Because  of  the  manner  in  which 
the  system  is  set  up,  with  a  greater  repair  capability  at 
the  depot,  a  certain  percentage  of  engines  will  be 
declared  "not  reparable  this  station"  (NRTS)  and  returned 
to  the  appropriate  ALC  for  repair. 

Causal -Loop  Diagram  of  the 
Base  Engine"" RepairTrocess 

Figure  3-5  is  a  causal-loop  diagram  of  the  above 
process  description.  The  engine  demand  rate  derived  in  the 
previous  sector  is  the  input  for  this  sector.  As  the 
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Engine  Demand 
Rate 


Causal-Loop  Diagram  for  Base  Engine  Repair  Process 


demand  for  engines  goes  up,  the  number  of  serviceable 
engines  goes  down  and  the  number  of  unserviceable  engines 
goes  up.  The  engine  repair  rate  will  go  up  because  of  the 
increase  in  unserviceable  engines.  This  assumes  there  are 
sufficient  repair  bays  and  personnel.  This  point  will  be 
discussed  more  fully  in  the  flow  diagrams  for  this  sector. 
This  increase  in  the  repair  rate  will  drive  down  the  number 
of  unserviceable  engines.  A  change  in  the  engine  repair 
rate  will  also  be  affected  by  management's  perception  of 
the  engine  demand  rate.  Additionally,  as  the  number  of 
unserviceable  engines  increases  the  number  of  engines 
declared  NRTS  will  increase.  However,  the  percentage  of 
engines  declared  NRTS  will  remain  the  same.  Changes  in 
the  engine  repair  rate  may  have  a  negative  impact  on 
quality,  especially  if  an  attempt  is  made  to  shorten  the 
cycle  time. 

Flow  Diagram  for  the  Base 
Engine  Repair  Process 

The  flow  diagram  for  this  sector  is  shown  in 
Figure  3-6. 

The  driving  input  to  this  sector  is  the  rate  of 
demand  (RDEM)  derived  in  the  first  sector.  This  rate  of 
demand  feeds  into  a  third-order  information  delay  which 
yields  the  perceived  demand  rate  (PDR).  This  variable, 

PDR,  is  used  because  the  perception  of  an  occurrence  is  as 
important  as  the  actual  event.  It  also  takes  a  certain 
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Pig.  3-6.  Flow  Diagram  for  Base  Engine  Repair  Process  Sector 


TABLE  3-2 

Variables  Appearing  in  Figure  3-6 


SINVE 

RDEM 

PDR 

UMRD 

RE1TAB 

RRF1 

MAXTP 

RAUF 

RF2TA3 

RRF2 

DRUSUR 

RUSUR 

USINVE 

URINV1 

PROPD 

RNRTS 

DELA 

RRF3X 

RF3TAB 

RRF3 

DERR 

DT 

TERR 

ERR1 

CPCRL 

BSC  PI 

ERR 

EDR 

EDD 

URINV2 

URINV3 

RURS 

ERD 


SERVICEABLE  ENGINE  INVENTORY  (ENGINES) 

RATE  OF  DEMAND  (ENGINES/WK) 

PERCEIVED  DEMAND  RATE  (ENGINES/WK) 

UNIT  MAINTENANCE  RESPONSE  DELAY  (WKS) 

REPAIR  RATE  FACTOR  ONE  TABLE 
REPAIR  RATE  FACTOR  ONE 
MAXIMUM  THROUGHPUT  (ENGINES/WK) 

REALIZED  AIRCRAFT  UTILIZATION  FACTOR 
REPAIR  RATE  FACTOR  TWO  TABLE 
REPAIR  RATE  FACTOR  TWO 

DESIRED  RATE  UNSERVICEABLES  GO  UNDER  REPAIR 
(ENGINES/WK) 

RATE  UNSERVICEABLES  GO  UNDER  REPAIR  (ENGINES/WK) 
UNSERVICEABLE  INVENTORY  OF  ENGINES  (ENGINES) 
UNDER  REPAIR  INVENTORY  ONE  (ENGINES) 

PROPORTION  OF  ENGINES  TO  DEPOT 

RATE  ENGINES  DECLARED  NRTS  (ENGINES/WK) 

DELAY  FOR  NRTS  ASSESSMENT  (WKS) 

REPAIR  RATE  FACTOR  THREE  INDEX 
REPAIR  RATE  FACTOR  THREE  TABLE 
REPAIR  RATE  FACTOR  THREE 
DESIRED  ENGINE  REPAIR  RATE  (ENGINES/WK) 

DELTA  TIME  (WKS) 

TRIAL  ENGINE  REPAIR  RATE  (ENGINES/WK) 

ENGINE  REPAIR  RATE  LIMIT  (ENGINES/WK) 

COMPRESSOR  CONSUMPTION  RATS  LIMIT  (COMPRESSORS/ 
WK) 

BASE  SERVICEABLE  COMPRESSOR  INVENTORY 
(COMPRESSORS) 

ENGINE  REPAIR  RATE  (ENGINES/WK) 

ENGINE  DIAGNOSIS  RATE  (ENGINES/WK) 

ENGINE  DIAGNOSIS  DELAY  (WKS) 

UNDER  REPAIR  INVENTORY  TWO 

(ENGINES  AWAITING  COMPRESSORS) 

UNDER  REPAIR  INVENTORY  THREE  (ENGINES) 

RATE  UNSERVICEABLES  RETURN  TO  SERVICE  (ENGINES/ 
WK) 

ENGINE  REPAIR  DELAY  (WKS) 
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amount  of  time  to  recognize  what  is  happening  in  a  system. 

Because  of  an  increase  in  demand  pressure  managers 
will  feel  compelled  to  increase  the  repair  rate.  An 
attempt  is  made  to  capture  this  pressure  in  the  variable, 
repair  rate  factor  one  (RRF1). 

This  repair  rate  factor  is  derived  by  combining 
PDR  with  the  maximum  throughput  (MAXTP)  and  the  repair  rate 
factor  one  table  (RP1 TAB) .  A  MAXTP  is  needed  because  in 
reality  there  are  restrictions  on  the  maintenance  repair 
capability.  This  study  uses  a  complex  with  four 
maintenance  bays  and  sufficient  numbers  of  tools  and 
personnel  to  man  the  four  bays.  It  is  felt  that  the  most 
engines  such  a  complex  could  turn  out  would  be  an  average 
of  two  per  week.  This  figure  is  used  because  it  takes  two 
weeks  to  turn  out  an  engine  at  base  level.  The  shape  of 
the  repair  rate  factor  one  table  (RP1 TAB)  will  be  more 
fully  explained  in  the  sector  on  system  equations. 

As  the  serviceable  engine  inventory  is  drawn  down, 
managers  begin  to  feel  pressure  to  increase  the  repair 
rate  for  engines.  This  repair  rate,  repair  rate  factor 
two  (RRP2),  is  derived  when  the  realized  aircraft 
utilization  factor  (RAUF)  is  used  as  an  input  to  the 
repair  rate  factor  two  table  (RF2TAB).  RAUF  is  used  as  an 
input  because  as  the  use  rate  for  aircraft  goes  up  more 
engines  will  be  removed  for  maintenance,  causing  the 
serviceable  inventory  of  engines  to  decrease. 
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RRF1 ,  RRF2,  and  MAXTP  combine  to  yield  the  desired 
rate  unserviceables  go  under  repair  (DRUSUR).  This  desired 
rate  combines  with  the  unserviceable  inventory  of  engines 
to  yield  the  rate  unserviceables  actually  go  under  repair 
(RUSUR).  RUSUR  separates  the  unserviceable  inventory  from 
the  under  repair  inventory  one  (URINV1).  URINV1  is  one  of 
three  under  repair  inventories.  It  represents  the  delay 
engines  experience  during  diagnosis.  URINV1  has  two 
outflow  rates.  The  first,  the  rate  engines  are  declared 
NRTS  ( RNRTS ) ,  goes  to  the  depot  repair  process.  The 
second,  the  engine  diagnosis  rate  (EDR),  flows  into  the 
second  under  repair  inventory  (URINV2).  URINV2  represents 
those  engines  which  must  wait  for  a  compressor  before 
repairs  can  be  completed. 

From  URNIV2,  engines  flow  into  the  third  under 
repair  inventory  (URINV3)  at  a  rate  equal  to  the  engine 
repair  rate  (ERR).  ERR  is  derived  from  an  auxiliary  chain 
and  will  be  described  more  fully  in  the  section  on  system 
equations.  URINV3  represents  the  final  stage  of 
maintenance,  testing  to  insure  the  engine  will  operate 
satisfactorily.  From  URINV3,  engines  are  returned  to  the 
serviceable  inventory  via  a  third-order  delay,  the  rate 
unserviceables  return  to  service  (RURS). 

This  section  has  discussed  the  flow  diagram  for 
the  base  engine  repair  process  sector.  From  this  flow 
diagram  DYNAMO  equations  are  developed. 


DYNAMO  Equations  for  the 
Base  Engine  Repair  Process 

The  DYNAMO  equations  derived  from  the  flow  diagram 
shown  in  Figure  3-6  are  presented  here.  Following  the  same 
pattern  as  the  discussion  of  the  flow  diagrams,  the 
perceived  demand  rate  is  discussed  first. 

A  third-order  information  delay  using  the  rate  of 
demand  (RDEM)  as  an  input  yields  the  perceived  demand  rate. 
This  is  used  in  an  attempt  to  capture  the  delay  between 
when  an  event  actually  occurs  and  the  perception  of  what 
actually  happened.  The  unit  maintenance  response  delay  is 
set  at  0.2  weeks,  a  little  more  than  a  day  and  a  half,  to 
represent  th*'  time  it  takes  to  perceive  how  many  engines 
are  being  demanded. 

PDR  is  then  divided  by  MAXTP  and  used  as  an  input 
to  the  repair  rate  factor  one  table  (RF1TAB) .  The  output 
of  this  table  is  the  repair  rate  factor  one  (RRF1).  As 
mentioned  earlier,  this  represents  the  pressure  managers 
feel  to  increase  work  rates  due  to  demand. 

RF1TAB  is  shown  in  Figure  3-7.  This  table  is 
constructed  in  an  attempt  to  show  how  managers  increase 
work  rates  in  response  to  demand  pressures.  The  minimum 
is  set  at  0.5  to  indicate  that  even  when  there  is  little 
or  no  work  to  be  done  on  engines,  the  workers  will  still 
be  put  to  some  use.  This  minimum  could  have  been  set  at 
any  level.  In  the  real  system  it  is  likely  that  it  varies 


and  may  even  go  to  zero,  with  stand-down  days  for  example. 

A  PDR.K=DLINF3(RDEM.K,UMRD) 

C  UMRD=0 . 2 

A  RRF1 ,K=TABHL(RF1 TAB, ( PDR.K/MAXTP) , 0, 1 ,  .1  ) 

T  R?1TAB=.5/.5/.53/.58/.65/.73/.82/.91/.97/.98/l .0 

The  second  repair  rate  factor  ( RRP2 )  is  ^  .ained 

by  inputting  the  realized  aircraft  utilization  factor 
(RAUF)  into  the  repair  rate  factor  two  table  (RF2TAB). 

This  table  is  an  attempt  to  capture  the  pressure  managers 
feel  to  increase  work  rates  due  to  inventory  level 
pressures.  As  the  serviceable  inventory  is  drawn  down 
managers  will  feel  compelled  to  increase  the  amount  of 
work  being  done  on  engines.  The  table,  shown  in  Figure 
3-8,  is  only  slightly  different  from  RF1 TAB.  This  is 
because  of  the  different  pressures  felt  by  managers  due  to 
inventory  levels.  Again  the  table  starts  at  .5  for  the 
same  reason  that  RF1TAB  started  at  .5. 

A  RRF2 . K= TABHL(RF2 TAB, RAUF. K,0, .7, .1 ) 

T  RF2TAB=.5/.5/.5/.52/.66/.88/.99/l  .0 

The  two  repair  rate  factors  are  both  multiplied  by 
the  maximum  throughput  (MAXTP)  The  larger  of  the  two 
products  is  used  as  the  desired  rate  unserviceables 
go  under  repair  (RUSUR).  This  is  done  by  using  the  MAX 
function,  which  returns  the  larger  of  the  two  values  as 
the  value  of  DRUSUR.  This  structure  is  used  to  allow  the 
higher  repair  rate  to  be  used. 


A  DRUSUR . K=MAX ( RRF1 . K*MAXTP , RRF2 . K*M AXTP ) 

C  MAXTP=2 . 0 

The  DRUSUR  value  is  then  used  to  obtain  the  rate 

unserviceables  go  under  repair  (RUSUR).  In  dealing  with  an 

inventory  as  important  as  the  engine  inventory  is  to 

capability,  managers  will  wish  to  repair  malfunctioning 

units  as  quickly  as  possible,  thus  the  choice  made  here 

represents  the  higher  of  the  two  rates. 

R  RUSUR . KL=  FIFGE ( USINVE/ DT , DRUSUR . K , DRUSUR . K , 

USINVE/DT) 

The  FIFGE  macro  will  take  the  First  value  IF  the  third  is 
Greater  than  or  Equal  to  the  fourth,  otherwise,  it  will 
return  the  second  (12:119).  In  this  case  RUSUR  will  either 
be  USINVE/DT  or  DRUSUR  depending  upon  the  conditions. 

The  unserviceable  inventory  of  engines  (USINVE) 
is  determined  by  the  following  equation: 

L  USINVE . K»  USINVE . J+  DT* ( RDEM . JK-RUSUR . JK-DTDR . JK ) 

Unserviceable  engines  come  into  the  inventory  at  a  rate 
equal  to  RDEM  and  leave  the  inventory  by  two  means.  The 
first  is  the  rate  unserviceables  go  under  repair.  The 
second  is  the  diversion  to  depot  rate,  the  number  of 
engines  per  week  that  are  sent  to  the  depot.  This  is  done 
to  show  that  engines  can  be  repaired  by  two  processes,  also 
included  in  this  are  those  engines  which  meet  their  maximum 
operating  limits  and  are  removed  to  be  shipped  to  depot 


for  overhaul 


The  under  repair  inventory  is  broken  into  three 
levels.  Those  which  are  being  processed  or  diagnosed, 
(URINV1),  those  engines  which  are  awaiting  compressor 
sections  to  complete  repair  actions,  and  those  which  are 
actually  being  repaired,  this  section  includes  those 
engines  which  are  being  tested  to  insure  they  are  in 
serviceable  condition. 

URINV1  is  determined  by  the  following  equation: 

L  URINV1 ,K=URINY1 . J+DT*(RUSUR. JK-RNRTS. JK-EDR. JK) 

During  the  diagnosis  process  it  is  discovered  that  some 
engines  are  beyond  the  repair  capability  of  the  base. 

These  engines  are  declared  NRTS  at  a  rate  equal  to  RNRTS. 
The  other  outflow  of  the  level,  EDR,  is  shown  as  a  third- 
order  delay. 

RNRTS  is  the  output  of  a  third-order  delay.  It 
is  obtained  by  multiplying  the  proportion  of  engines  to 
depot  (PROPD)  by  (RUSUR).  This  is  done  to  shew  that  the 
proportion  of  engines  being  sent  to  depot  will  be  constant 
but  the  actual  numbers  of  engines  will  change.  RNRTS  is 
delayed  over  the  engine  diagnosis  delay  of  1.1  weeks. 

This  is  the  standard  amount  of  time  allowed  for  diagnosis 
of  engine  malfunctions.  The  RNRTS  equation  is  as  follows: 
R  NRTS ,KL=DELAY3 ( PROPD* RUSUR . JK , DELA ) 

C  DELA- 1.1 

The  engine  diagnosis  rate  is  derived  from  the 
following  third-order  delay  equation: 


R  EDR . KL=DELAY3 ( ( 1 -PROPD ) *RUSUR . JK , EDD ) 

G  EDD=0.28 

This  rate  captures  engines  coining  into  the  base  repair 
process.  One  minus  PROPD  is  used  to  indicate  that  only 
those  engines  which  are  to  be  repaired  at  base  level  are 
considered  here.  This  value  is  multiplied  by  RUSUR  to 
show  that  this  rate  is  a  function  of  the  number  of  engines 
being  sent  into  the  repair  process. 

The  inventory  of  engines  awaiting  compressor  units 
is  depicted  by  the  following  equation: 

L  URINV2 . K-URINV2 . J+ DT* ( EDR . JK-ERR . JK ) 

This  level  equation  is  the  same  as  for  all  level  equations. 
The  change  rate  of  the  equation  is  equal  to  the  difference 
between  EDR  and  ERR. 

The  engine  repair  rate  is  derived  from  an 
auxiliary  chain  which  starts  with  repair  rate  factor  three 
index.  This  repair  rate  symbolizes  the  rate  that  engines 
are  actually  repaired.  It  begins  with  the  repair  rate 
factor  three  index  (RRF3X).  This  index  is  obtained  by 
dividing  EDR  by  1 -PROPD*MAXTP .  RRF3X  is  used  as  an  input 
to  the  repair  rate  factor  three  table  (RF3TAB),  and  yields 
the  third  repair  rate  factor  (RRF3).  RRF3  is  a  function 
of  the  number  of  engines  being  diagnosed.  RF3TAB  is  shown 
in  Figure  3-9.  It  is  related  to  the  table  for  RRF1  as 
follows: 

,625=RRF1 (MIN)/ ( 1-PROPD) 
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Pig.  3-9 

Table  for  Repair  Rate  Factor  Three 

Again  the  minimum  could  have  been  set  at  any  level,  but 
since  engines  will  be  arriving  at  this  point  if  there  are 
activities  going  on  in  the  preceding  3tages  this  seems  to 
be  a  reasonable  formulation. 

RRF3  is  multiplied  by  one  minus  PROPD  and  MAXTP 
to  yield  the  desired  engine  repair  rate  (DERR).  This 
is  to  show  that  this  rate  will  be  a  function  of  RRF3,  the 
number  of  engines  staying  on  base  for  repair,  and  the 
maximum  number  of  engines  which  can  be  repaired  in  a  week 
The  value  for  DERR  is  then  used  in  a  FIFGE  macro 
with  USINV2.K/DT  to  yield  the  trial  engine  repair  rate 


The  compressor  consumption  rate  limit  (CPCRL) 
will  he  equal  to  the  base  serviceable  compressor 
inventory  (BSCPI)  divided  by  delta  time  (DT).  This  is 
used  because  managers  will  want  to  spread  their  usage  of 
spares  over  time  rather  than  all  at  once. 

The  engine  repair  rate  limit  (ERRL)  is  construct¬ 
ed  as  another  FIFGE  macro.  In  this  case,  the  compressor 
consumption  rate  limit  (CPCRL)  divided  by  the  compressor 
generation  factor  (CPGF)  or  the  test  engine  repair  rate, 
whichever  is  appropriate  is  used.  From  these  equations 
the  engine  repair  rate  (ERR)  is  derived.  The  purpose  of 
the  entire  string  is  to  show  that  the  repair  of  engines 
will  be  a  function  of  the  number  of  engines  going  into  the 
repair  process  and  the  number  of  compressors  available  to 
the  repair  process.  The  string  of  equations  which  are 
used  to  derive  the  engine  repair  rate  are  listed  below: 

A  RRF3X.K=EDR. JK/ ( ( 1 -PROPD)*MAXTP) 

A  RRF3.K=TABHL(RF3TAB.RRF3X.K,0,1, .1) 

T  RF3TAB=. 625/. 635/. 66/. 71/. 77/. 83/. 88/. 95/. 99/1 .0 

A  DERR.K=RRF3.K*(1-PR0PD)*MAXTP 

A  TERR . K=FIFGE( URINV2 . K/DT , DERR . K , DERR . K , 

URINV2 .K/DT) 

A  CPCRL. K= BSC PI. K/DT 

A  ERRL. K=FIFGE(CPCRL.K/CPGD, TERR. K, TERR. K, CPCRL. K/ 

CPGF) 

R  ERR.KL=ERRL.K 


N  ERR=0 

The  third  under  repair  inventory  (URINV3)  is  a 
level  whose  change  rate  is  the  engine  repair  rate  (ERR) 
minus  the  rate  unserviceables  return  to  service  (RURS). 
This  inventory  represents  those  engines  which  are  in  the 
process  of  being  tested  to  assure  they  are  ready  to  be 
returned  to  service.  Its  outflow,  RURS,  is  a  third-order 
delay  of  the  engine  repair  rate  (ERR)  over  the  engine 
repair  delay  of  two  weeks.  This  is  the  standard  amount 
of  time  allowed  for  the  repair  of  engines  at  base  level. 
The  equations  for  URINV3  and  RURS  are  listed  below: 

L  URINV3 . K=URINV3 . J+DT* ( ERR . JK-RURS . JK ) 

N  URINV3=0 

R  RURS . KL= DEL AY3 ( ERR . JK , ERD ) 

C  ERD=2 

The  final  equations  to  be  discussed  in  this 

sector  are  those  which  deal  with  the  serviceable  inventory 

of  engines  (SINVE).  The  equations  are  listed  here: 

L  SINVE . K=S I NVE . J+  DT* ( RURS . JK+ RARPD . JK+ 

RAPFD.JK-RDEM.JK) 

N  S INVERSE 

C  BE-151 

As  shown  the  change  rate  of  the  SINVE  equation  is 
the  sum  of  the  rate  unserviceables  return  to  service  and 
the  arrival  of  shipments  from  depot,  both  routine  (RARFD) 
and  priority  (RAPED),  minus  the  rate  of  demand  for 
serviceable  engines  (RDEM). 
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SINVE  is  set  equal  to  base  engines  (BE)  initially 
to  allow  use  of  DYNAMO'S  rerun  option.  This  option  allows 
parameter  changes  to  be  made  without  recompiling  the 
entire  program,  a  considerable  saving  of  time.  Base 
engines  is  set  equal  to  151  engines,  144  engines  installed 
plus  7  engines  at  base  level  for  use  as  spares. 

This  sector  has  dealt  with  the  repair  of  engines 
at  base  level.  The  next  sector  will  deal  with  the  repair 
of  engine  compressors  at  base  and  depot  level. 

Compressor  Repair 

The  engine  system  cannot  be  considered  in  depth 
unless  the  interaction  of  shop  replaceable  units  (SRUs) 
with  the  engine  is  considered.  If  a  modeler  chose  not  to 
consider  this  relationship  the  following  assumptions 
would  be  necessary: 

1.  No  SRUs  are  contained  in  the  component.  This 
is  not  true  when  considering  engines.  All  engines  are 
made  up  of  SRUs. 

2.  The  availability,  or  lack  of  availability,  of 
SRUs  will  not  affect  the  repair  rate.  This  cannot  be 
assumed  to  be  true  in  the  engine  system.  If  an  SRU  is  not 
available  when  needed  the  engine  cannot  be  repaired. 

3.  The  SRU  repair  delay  can  be  incorporated  in 
the  LRU  delay  adequately.  That  is,  the  delay  caused  by 
the  SRU  process  will  not  significantly  affect  the  LRU  in 
question.  In  the  engine  management  system  this  is 
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not  true.  If  compressors  are  not  available  in  sufficient 
numbers,  then  engines  will  be  delayed  in  the  repair 
process. 


Since  none  of  the  above  conditions  exist  the 
interaction  between  compressor  sections  and  engines  must 
be  considered. 

Process  Description  of  the 
Compressor  Repair  Process 

The  first  step  in  the  process  is  the  diagnosis  of 
a  faulty  compressor  and  removal  of  the  compressor  from  the 
engine.  The  second  step  is  the  replacement  of  the  faulty 
compressor  in  the  engine  and  the  return  of  that  engine  to 
the  serviceable  inventory;  any  calibration  required  is 
incorporated  in  this  step.  Engines  are  held  in  an  under 
repair  inventory  awaiting  compressors  between  steps  one 
and  two. 

Causal -Loop  Diagram  of  the 
Compressor  Repair  Trocess 

The  causal-loop  diagram  for  this  sector  is  shown 
in  Figure  3-10.  The  relationship  between  serviceable 
engines  and  unserviceable  engines  is  negative.  As  the 
number  of  serviceable  engines  decreases  the  number  of 
unserviceable  engines  will  increase  and  vice  versa.  This 
increase  in  the  number  of  unserviceable  engines  will 
cause  an  increase  in  the  number  of  engines  awaiting  a 
compressor  unit.  As  the  number  of  compressors  worked  on 
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-10.  Causal -Loop  Diagram  for  Base  Compressor  Repair  Process 
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at  base  level  increase  the  number  of  compressors  declared 
“not  reparable  this  station”  (NCPR)  will  also  go  up.  The 
increased  NRTS  rate  will  cause  the  depot  repair  and 
resupply  to  increase.  Both  the  depot  repair  and  resupply 
rate  and  the  base  compressor  repair  rate  will  have  a 
negative  impact  on  the  number  of  engines  awaiting 
compressor  units.  Finally,  as  the  number  of  engines 
awaiting  compressors  is  decreased  the  number  of 
serviceable  engines  will  be  increased. 

The  causal-loop  diagram  for  this  sector  now  can 
be  turned  into  a  flow  diagram.  This  flow  diagram  will  be 
discussed  next. 

Flow  Diagram  of  the 

Compressor  Repair  Process 

The  flow  diagram  for  this  sector  is  shown  in 
Figure  3-11 . 

Compressor  arrive  at  the  unserviceable  compressor 
inventory  (USCPI)  at  some  rate.  This  rate,  the  reparable 
compressor  rate  (RCPR),  is  determined  by  the  engine 
diagnosis  rate  (EDR)  and  the  compressor  generation  factor 
(CPGF). 

The  rate  compressors  go  under  repair  (RCPUR)  is 
the  rate  at  which  compressors  move  into  the  base 
unserviceable  compressors  inventory.  This  rate  is 
determined  by  the  level  of  USCPI,  the  computation  interval, 
the  maximum  throughput  of  compressors  (MTPCP)  and  the 
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Fig.  3-11.  Flow  Diagram  of  the  Compressor  Repair  Process 


TABLE  3-3 

Variables  Appearing  in  Figure  3-11 


EDR 

CPGF 

RCPR 

MTPCP 

CPRFX 

CPRFT 

DCPRF 

USCPI 

DT 

RCPUR 

CPRRF 

TERR 

ERRL 

BUCPI 

PC  PD 

BCPRR 

3CPRD 

NCPR 

NCPD 

DC  PI 

DCPRR 

DC  PRD 

BSCPI 

CPCR 


ENGINE  DIAGNOSIS  RATE  (ENGINES/WK) 

COMPRESSOR  GENERATION  FACTOR  (COMPRESSORS/ 

ENGINE) 

REPARABLE  COMPRESSOR  RATE  ( COMPRESSORS/ WK) 

MAXIMUM  THROUGHPUT  OF  COMPRESSORS  (COMPRESSORS/ 
WK) 

COMPRESSOR  REPAIR  FACTOR  INDEX 
COMPRESSOR  REPAIR  FACTOR  TABLE 
DEPOT  COMPRESSOR  REPAIR  FACTOR 

UNSERVICEABLE  COMPRESSOR  INVENTORY  (COMPRESSORS) 
DELTA  TIME  (WKS) 

RATE  COMPRESSORS  GO  UNDER  REPAIR  (COMPRESSORS/WK) 

COMPRESSOR  REPAIR  RATE  FACTOR 

TRIAL  ENGINE  REPAIR  RATE  ( ENGINES/ WK) 

ENGINE  REPAIR  RATE  LIMIT  (ENGINES/WK) 

BASE  UNSERVICEABLE  COMPRESSOR  INVENTORY 
( COMPRESSOR ) 

PROPORTION  OF  COMPRESSORS  TO  DEPOT 

BASE  COMPRESSOR  REPAIR  RATE  (COMPRESSORS/WK) 

BASE  COMPRESSOR  REPAIR  DELAY  (WKS) 

RATE  COMPRESSORS  DECLARED  NRTS  (COMPRESSORS/WK) 
NRTS  COMPRESSOR  ASSESSMENT  DELAY  (WKS) 

DEPOT  COMPRESSOR  INVENTORY  (COMPRESSORS) 

DEPOT  COMPRESSOR  REPAIR  RATE  (COMPRESSORS/WK) 
DEPOT  COMPRESSOR  REPAIR  DELAY  ( WKS ) 

BASE  SERVICEABLE  COMPRESSOR  INVENTORY 
(COMPRESSORS) 

COMPRESSOR  CONSUMPTION  RATE  ( COMPRESS OR/ WK) 
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compressor  repair  rate  factor  (CPRRF). 

At  this  point  the  BUCPI  is  divided  into  two 
separate  quantities.  One  of  the  quantities  represents 
those  compressors  which  are  repaired  at  base  level.  A 
third-order  delay  represents  the  base  compressor  repair 
rate  (BCPRR).  This  is  derived  from  the  rate  compressors 
go  under  repair  (RCPUR)  and  the  proportion  of  compressors 
sent  to  depot  (PCPD).  BCPRR  moves  compressors  into  the 
base  serviceable  compressor  inventory  after  a  delay  of  two 
weeks.  This  is  the  standard  amount  of  time  it  takes  to 
repair  a  compressor  at  base  level.  The  remainder  of  the 


compressors  undergo  a  third-order  delay  to  be  declared 
NTRS,  this  rate  is  also  determined  by  PCPD  and  RCPUR,  and 
move  into  the  depot  compressor  inventory.  A  third-order 
delay,  the  depot  compressor  repair  rate,  ( CDPRR ) , 
characterizes  the  depot  level  compressor  repair  process. 
The  DCPRR  is  determined  by  the  depot  compressor  inventory 
and  the  rate  compressors  are  declared  NRTS.  After  the 
depot  compressor  repair  delay  (DC PRD)  of  six  weeks 
compressors  move  back  into  the  base  serviceable  compressor 
inventory  (BSCPI). 

These  same  compressors  move  out  of  the 
serviceable  compressor  inventory  (BSCPI)  at  a  rate,  the 
compressor  consumption  rate  (CPCR),  determined  by  the 
engine  repair  rate  limit,  and  the  compressor  generation 
factor  (CPGF). 
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This  flow  diagram  is  the  basis  for  the  development 


of  DYNAMO  equations.  These  equations  are  discussed  next. 

DYNAMO  Eq uations  for  the 
Compressor  Repair  Process 

The  reparable  compressor  rate  (RCPR)  is  the  rate 

compressors  which  need  repair  are  generated.  It  is  equal 

to  the  engine  diagnosis  rate  (EDR)  multiplied  by  the 

compressor  generation  factor  (CPGF).  This  set  of  equations 

was  set  up  to  show  the  number  of  compressors  which  are 

generated  by  unserviceable  engines.  The  equations  for 

RCPR  are  listed  below: 

R  RCPR . KL=EDR . JK*CPGF 

C  CPGF=0.40 

The  unserviceable  compressor  inventory  (USCPI)  is 
a  level  determined  by  the  change  rate  RCPR  minus  RCPUR. 
RCPUR  is  defined  as  the  rate  compressors  go  under  repair. 
The  compressors  in  this  inventory  are  those  which  are  taken 
off  of  engines  which  are  being  repaired.  The  equations 
for  USCPI  are  listed  next. 

L  USCPI . K=USC  PI . J+  DT* ( RCPR . JK-RCPUR . JK ) 

N  USCPI=0 

The  reparable  compressor  rate,  when  divided  by 
the  maximum  throughput  of  compressors  (MTPCP),  yields  the 
compressor  repair  factor  index.  This  index,  CPRFX,  is 
used  as  an  input  to  the  compressor  repair  factor  table 
(CPRFT)  to  give  the  desired  compressor  repair  factor 


(DCPR?).  This  equation  is  used  to  indicate  managers  will 
repair  compressors  as  they  come  in  up  to  the  limit  for 
that  repair  rate. 

The  compressor  repair  factor  table  starts  at  .5. 
This  is  the  same  as  the  repair  rate  factor  one  table 
(RF1TAB)  and  the  same  reasoning  is  used  here.  That  is, 
even  when  there  is  little  or  no  repair  work  to  be  done 
the  workers  will  be  put  to  some  use.  In  truth  this  table 
could  have  any  minimum  value.  CPRFT  moves  from  .5  to  unity 
as  CPRFX  moves  from  zero  to  unity.  The  relationship  is  as 
shown  in  Figure  3-12. 

The  desired  compressor  repair  factor  (DCPR?)  is 
combined  with  the  trial  engine  repair  rate  (TERR)  and  the 
engine  repair  rate  limit  (ERRL)  to  yield  the  compressor 

1  .0 
.9 
.9 
.7 
.  6 

DCPR?  .3 

.4 
.3 
.2 
.1 

CPRFX 

Fig.  3-12  The  Compressor  Repair  Factor  Table 


65 


repair  rate  factor  (CPRRF).  This  is  accomplished  by  using 
the  FIFZE  macro,  FIFZE  is  a  mnemonic  for  First  17  third  is 
equal  to  ZEro  (12:119),  in  this  usage  the  macro  will 
return  the  current  value  of  DCPRF  or  one,  whichever  is 
appropriate,  as  the  value  of  the  compressor  repair  rate 
factor  (CPRRF).  This  equation  is  designed  to  show  that 
if  TERR  minus  ERR  is  zero  then  CPRRF  will  be  equal  to  the 
DCPRF,  otherwise  it  will  be  one.  This  becomes  important  in 
the  equation  for  the  rate  compressors  go  under  repair. 

The  rate  equation  which  defines  RCPUR  is  a  FIFGE 
macro.  First  IF  third  is  Greater  than  or  Equal  to  the 
fourth.  This  means  that  managers  will  set  some  average 
work  rate  based  on  the  inventory  of  unserviceables  or  they 
will  work  at  some  greater  rate  up  to  the  maximum  workload. 
The  choice  depends  on  the  pressure  exerted  by  the  present 
level  of  activities.  The  equations  which  lead  to  the 
determination  of  RCPUR  are  shown  below. 

A  CPRFX.K=RCPR.JK/MTPCP 

C  MTPCP=5 

A  DCPRF. K=TABHL(CPRFT, CPRFX. K, 0, 1, .1 ) 

T  CPRFT=. 5/. 5/. 53/. 53/. 65/. 73/. 82/. 91/1.0 

A  CPRRF. K=?IFZE( DCPRF. K, 1 , TERR.K-ERR.K) 

R  RCPUR. KL=FIFGE(U3CPI/DT, CPRRF. K*MTPCP, 

CPRRF. K*MTPCP, USCPI .K/DT 

The  base  unserviceable  compressor  inventory 
(3UCPI)  is  determined  by  subtracting  the  base  compressor 
repair  rate  (BCPRR)  and  the  rate  compressors  declared  NRT3 


(NCPR)  from  the  rate  compressors  go  under  repair  (RCFUR). 
The  level  equation  for  BUCPI  is  as  follows: 

L  BUCPI . K=3UCPI . J+  DT* ( RCPUR . JK-BCPRR . JK-NCPR . JK ) 

There  are  two  outflows  for  the  base  unserviceable 
compressor  inventory.  The  first,  the  base  compressor 
repair  rate  (BCPRR),  represents  those  compressors  which 
will  be  repaired  at  base  level.  This  rate  is  defined  by 
a  third-order  delay.  This  delay  uses  the  product  of 
one  minus  the  proportion  of  compressors  to  depot  and  the 
rate  compressors  go  under  repair  (RCPUR),  and  delays  it 
over  the  compressor  repair  delay  of  two  weeks.  This  delay 
is  the  standard  repair  time  for  compressors  at  base  level. 

The  other  rate  coming  out  of  the  base 
unserviceable  compressor  inventory  is  the  rate  compressors 
declared  NRTS  (RCPR).  It  delays  the  product  of  the 
proportion  of  compressors  sent  to  depot  (PCPD)  and  the 
rate  compressors  go  under  repair  (RCPUR)  over  the  NRTS 
compressor  assessment  delay  of  0.5  weeks.  These  two  rates 
are  set  up  to  indicate  they  are  subject  to  the  number  of 
compressors  being  put  into  the  repair  process.  The 
equations  for  these  two  rates  are  listed  here: 

R  NCPR . KL=DELAY3 ( PC  PD* RCPUR . JK , NCPD ) 

C  PCPD=0.9 

C  NCPD=0. 5 

R  BCPRR, KL=DELAY3( ( 1-PCPD)*RCPUR. JX,BCPRD) 

C  3CPRD=2 
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The  level  of  the  depot  compressor  inventory  (DCPI) 
is  determined  by  the  rate  compressors  declared  NRTS  (NCPR) 
minus  the  depot  compressor  repair  rate  (DCPRR).  The  depot 
compressor  repair  rate  is  derived  from  a  third-order  delay 
of  NCPR  over  the  depot  compressor  repair  delay  (DCPRD) 
of  six  weeks.  The  equations  for  DCPI  and  DCPRR  are  listed 
next. 

L  DCPI . K=DCPI . J+DT* ( NCPR . JK-DCPRR . JK ) 

N  DCPI=0 

R  DCPRR .KL= DEL AY3 ( NCPR . JK , DCPRD ) 

C  DCPRD=6 

The  final  level  in  this  sector  is  the  base 

serviceable  compressor  inventory  (BSCPI).  It  has  a  change 
rate  which  is  equal  to  the  sum  of  the  base  compressor 
repair  rate  (BCPRR)  and  the  depot  compressor  repair  rate 
(DCPRR)  minus  the  compressor  consumption  rate  (CPCR). 

CPCR  is  the  product  of  the  engine  repair  rate  limit  (SRRL) 
and  the  compressor  generation  factor.  This  is  presented 
in  this  manner  to  indicate  that  not  all  engines  are  in  need 
of  a  new  compressor  when  they  are  brought  in.  These 
equations  are  listed  next. 

L  BSCPI .K=3SCPI . J+DT* (BCPRR . JX+ DCPRR. JK-CPCR. JK ) 

N  BSCPI=BCP 

C  3CP=5 

R  CPCR . KL=ERRL . JK*CPG? 

C  CPGE=0.40 
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This  section  has  discussed  the  compressor  repair 
process  sector.  The  flow  diagram  and  DYNAMO  equations 
have  been  presented.  The  next  section  will  present  the 
quality  effects  sector. 

Quality  Effects  Sector 

Process  Description 

Quality  work,  work  which  returns  an  engine  to  a 
level  of  performance  at  or  near  what  it  was  before  the  need 
for  maintenance  arose,  is  important.  If  the  work  being 
performed  is  not  of  sufficient  quality  it  could  lead  to 
decreased  operational  capability.  This  would  come  about 
because  of  an  increase  in  the  number  of  unserviceable 
engines  and  a  rise  in  the  shop  work  rate.  This  could,  if 
the  condition  persists,  lead  to  more  unserviceable  engines 
and  longer  hours  for  the  workers.  The  cycle  is  self¬ 
reinforcing  and  will  continue  to  worsen  unless  some 
outside  force  steps  in  to  break  the  cycle.  Taken  to  the 
extreme  it  might  even  lead  to  the  loss  of  an  aircraft  and 
crew. 

There  are  a  number  of  factors  which  affect  the 
quality  of  maintenance  being  performed.  Factors  such  as 
training,  experience,  and  morale  will  be  considered  in 
this  sector.  The  premise  being  that  more  training  and 
experience  and  high  morale  will  have  a  favorable  impact. 
Since  the  technological  factors  which  affect  quality 
(reliability  and  ease  of  repair)  are  set  before  purchase. 
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during  the  design  stage,  they  will  not  be  considered. 
However,  effects  from  the  design  stage  are  evident  in  the 
model  in  the  form  of  repair  times  and  the  MTBD. 


Causal-Loop  Diagram  of  the 
Qualityr‘Ef£ects  Sector 

The  causal-loop  diagram  for  this  sector  is  shown 
in  Figure  3-13.  The  diagram  shows  that  as  maintenance 
quality  increases,  there  is  a  perceived  ability  to  cut 
down  on  training.  This  is  especially  true  in  an 
organization  which  is  undermanned.  As  the  amount  of 
training  goes  down  so  does  the  level  of  experience, 
bringing  quality  down. 

Morale  will  also  have  an  impact  on  quality.  The 
two  main  irapactors  on  morale  are  seen  as  the  perceived 
availability  of  outside  jobs  and  personal  factors.  It  is 
highly  probable  that  others  affect  quality,  however, 
outside  jobs,  which  gives  the  worker  the  incentive  to  leave 
the  organization  is  seen  as  the  most  important.  These 
outside  jobs  can  be  jobs  in  other  fields  within  the  Air 
Force  or  jobs  in  the  civilian  community.  In  either  case 
the  worker  is  lost  to  the  system.  A  personal  factors 
input,  something  which  would  account  for  individual 
difficulties  is  also  included.  Both  are  seen  as  having  a 
direct  relationship  with  quality. 

The  flow  diagram  developed  from  this  causal-loop 
diagram  is  discussed  next. 
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Pig.  3-13.  Causal-Loop  for  the  Quality  Effects  Sector 


Flow  Diagram  for  the 
QuaTIty  Effects  Sector 

The  flow  diagram  for  the  quality  effects  sector 
is  shown  in  Figure  3-14.  The  quality  effects  sector  is 
an  auxiliary  chain  which  impacts  on  the  rate  demand  for 
engines  (RDEM)  through  the  mean  time  between  demand  (MTBD) 
variable . 

The  training  factor  (TNGF)  combines  with  a  random 
number  to  yield  training  (TNG).  TNGF  is  constructed  as  a 
sine  function.  The  function  will  have  a  very  small 
modulation.  In  today's  Air  Force,  training  and  the  qual¬ 
ity  of  that  training  is  a  closely  controlled  process.  It 
must  be  this  way  because  of  the  importance  training  has  in 
terms  of  safety  and  mission  capability.  Training  is  used 
as  an  input  to  the  maintenance  skill  level  table  (MXSLT) . 
The  output  of  this  table  is  maintenance  skill  level 
(MXSL).  The  shape  of  MXSLT  will  be  more  fully  discussed 
in  the  section  on  system  equations.  MXSL  then  is  used  as 
an  input  to  the  maintenance  experience  table  (MEXPT).  The 
shape  of  this  table  will  also  be  discussed  more  fully  in 
the  section  on  system  equations.  The  output  of  MEXPT  is 
maintenance  experience. 

The  perceived  availability  of  outside  jobs  is 
developed  as  a  sine  function.  It  combines  with  a  random 
number  and  feeds  into  a  third-order  delay.  This  delay 
yields  morale  (MORAL),  which  is  an  input  to  the  morale 
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TABLE  3-4 


Variables  Appearing  in  Figure  3-14 


MXEMPT  - 
MXEXP  - 
MXSLT  - 
MXSL 
QF 
RN 

TFFP  — 

TFFM 

TNGF 

TNG 

DEL 

PAOJFP  - 
PA0J7M  - 
PAOJ 

MORAL  - 

MORD 

MORALT  - 

MORALF  - 

MTBD 

RDEM 

ROE 


MAINTENANCE  EXPERIENCE  TABLE 
MAINTENANCE  EXPERIENCE 
MAINTENANCE  SKILL  LEVEL  TABLE 
MAINTENANCE  SKILL  LEVEL 
QUALITY  FACTOR 
RANDOM  NUMBER 

TRAINING  FACTOR  FREQUENCY  PERIOD 
TRAINING  FACTOR  FREQUENCY  MODULATION 
TRAINING  FACTOR 
TRAINING 

DELAY  FOR  TRAINING  (WKS) 

PERCEIVED  AVAILABILITY  OF  OUTSIDE  JOBS  FREQUENCY 
PERIOD 

PERCEIVED  AVAILABILITY  OF  OUTSIDE  JOBS  FREQUENCY 
MODULATION 

PERCEIVED  AVAILABILITY  OF  OUTSIDE  J03S 
MORALE 

MORALE  DELAY  (WKS) 

MORALE  TABLE 

MORALE  FACTOR 

MEAN  TIME  BETWEEN  DEMAND 

RATE  OF  DEMAND 

RATE  OF  EFFORT 


table  to  give  the  morale  factor.  The  shape  of  the  morale 
table  will  be  discussed  more  fully  in  the  section  on 
system  equations. 

The  morale  factor  and  maintenance  experience  are 
combined  to  form  the  quality  factor  (QP).  The  reasoning 
behind  this  formulation  is  that  happy  workers  with  a  high 
level  of  experience  will  do  better  work.  This  is  used  in 
the  mean  time  between  demand.  A  high  level  of  quality  in 
the  repair  process  should  cause  the  mean  time  between 
demand  to  increase,  all  other  things  being  equal. 

Prom  the  flow  diagrams  just  described  DYNAMO 
equations  were  developed.  These  equations  are  discussed 
next. 

DYNAMO  Equations  for  the 
Quality  Effects  Sector 

The  training  factor  (TNG?)  was  developed  as  a  sine 
function.  It  has  a  modulation  of  .25  and  a  period  of  7S 
weeks.  The  relatively  small  modulation  was  chosen  to 
indicate  the  importance  of  training  in  the  Air  Force. 

Every  attempt  is  made  to  keep  the  training  which  personnel 
receive  at  a  high  level  of  quality.  The  period  of  78  weeks 
was  chosen  as  an  estimate  of  the  amount  of  time  needed  to 
perceive  and  react  to  changes  in  the  quality  of  training 
personnel  are  receiving.  A  random  number,  taken  from  the 
NOISE  function,  was  added  to  the  training  factor  to 
represent  individual  differences. 
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The  training  factor  is  put  through  a  third-order 
delay  of  eight  weeks.  Eight  weeks  was  used  as  a  rough 
estimate  of  the  amount  of  time  necessary  to  complete  a 
training  course.  The  output  of  this  delay  is  training 
(TNG). 

Training  is  used  as  an  input  to  the  maintenance 
skill  level  table  (MXSLT).  The  table,  shown  in  Figure 
3-15,  is  intended  to  show  the  accumulation  of  skill,  the 
ability  to  perform  a  given  task.  Since  any  inherent  skill 
is  worthless  without  the  proper  training,  the  table  has  a 
minimum  value  of  zero.  The  value  of  the  table  increases 
rapidly  as  training  increases.  This  increase  in  skill 
slows  after  0.8  and  a  maximum  value  of  0.98  is  given  to 
maintenance  skill  (MXSL).  This  upper  limit  is  set  to 
indicate  the  impossibility  of  attaining  perfection. 

Maintenance  skill  level  is  used  as  an  input  to 
the  maintenance  experience  table  (MXEXPT).  This  table, 
shown  in  Figure  3-16,  is  developed  along  the  same  lines  as 
MXSLT.  The  major  difference  being  a  slower  increase  in 
the  value  for  maintenance  experience  (MXEXP),  the  output 
of  the  table.  This  is  an  attempt  to  show  that  job 
experience  takes  longer  to  develop  than  job  skill.  The 
maximum  value  of  this  table  is  also  0.98.  This  upper 
limit  is  set  to  illustrate  the  inabilitv  of  individuals  to 
experience  every  facet  of  their  jobs.  T’he  upper  limit  of 
this  table  and  MXSLT  could  have  been  set  an  any  value, 


however,  an  upper  limit  in  this  range  seems  reasonable. 
The  equations  used  to  derive  MXEXP  are  listed  below: 


A  MXEXP . K= TABLE ( MXEXPT , MXSL . K , 0 , 1 , . 1 ) 

T  MXEXPT=0/.14/.27/.49/.5l/.62/.74/.3l/.94/.98 

A  MXSL . K=TA3LE ( MXSLT , TNG .K, 0, 1 , . 1 ) 

T  MXSLT=0/ . 3/ . 58/ . 78/ .32/ .88/ .9 1 / . 94/ . 96/ .97/ . 98 

A  TNG . K=  DEL AY3 (RN.K+ TNGF . K , DEL ) 

A  TNGP . K= . 5+  TFFM*SIN( 6 . 28* TIME . K/ TEEP ) 

C  DEL=8 

C  TFFP=78 

C  TFFM= . 2  5 

The  auxiliarj'-  chain  which  develops  the  morale 
factor  is  discussed  next.  The  purpose  of  this  chain  is  to 
show  the  effects  of  the  availability  of  outside  jobs  (PAOJ) 
on  the  worker.  The  term  morale  is  used  to  signify  the  way 
an  individual  feels  about  his  job,  and  additionally, 
whether  he  would  be  willing  to  leave  it  for  some  other 
job.  In  order  to  account  for  extraneous  inputs  which  might 
affect  the  worker,  a  random  number  from  the  NOISE  function 
is  added  to  PAOJ. 

The  perceived  availability  of  outside  jobs  (PAOJ) 
is  set  up  as  a  sine  function.  It  has  a  modulation  of  .75 
and  a  period  of  forty  weeks.  The  modulation  was  set  at 
.75  to  show  the  ebb  and  flow  of  the  job  market.  The 
period  was  set  at  forty  weeks  to  show  the  amount  of  time 
it  takes  jobs  to  appear,  be  filled  and  appear  again. 
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PAOJ  is  used  as  an  input  to  a  third-order 
information  delay.  The  variable  is  delayed  over  the  morale 
delay  (MORD)  of  2.5  weeks.  This  is  the  amount  of  time  it 
should  take  a  person  to  notice  there  are  other  jobs 
available  and  start  an  earnest  search.  The  output  of  this 
delay  is  morale  (MORAL). 

Morale  is  used  as  an  input  to  the  morale  table 
(MORALT).  This  table  is  a  combination  of  two  factors. 

The  first  is  the  individuals  perception  of  available 
outside  jobs.  The  second  is  his  willingness  to  leave  his 
present  job.  As  Figure  3-17  shows,  there  is  no  change  in 
the  morale  factor  ( MORAL? )  until  morale  gets  to 


MORAL 

Fig.  3-17  The  Morale  Factor  Table 
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approximately  1.5.  It  then  begins  a  rapid  decrease.  This 
is  intended  to  show  that  people  will  tolerate  a  great  deal, 
however,  once  a  limit  is  reached,  morale  will  deteriorate 
rapidly.  The  equations  used  to  develop  the  morale  factor 
are  shown  below: 

A  MORALF . K= TABLE ( MORALT , MORAL . K , 0 , 2 , . 2 ) 

A  MORAL .X=DLINF3 ( PAOJ .K+RN.K, MORD ) 

C  M0RD=2 . 5 

A  PA0J.X=1+PA0JFM(SIN(6.28*TIME.X)/PA0JFP) 

C  PAOJFM= . 75 

C  PA0JFP=40 

The  value  of  the  quality  factor  (QF)  is  obtained 
by  multiplying  maintenance  experience  by  the  morale  factor. 
This  is  used  to  show  that  a  happy,  experienced  worker  will 
do  a  better  job  than  one  who  is  unhappy,  inexperienced,  or 
both. 

A  QF . K=MXEXP . K*MORALF . K 

This  section  has  discussed  the  development  of  a 
quality  effect  sector.  Flow  diagrams  and  DYNAMO  equations 
were  presented  and  discussed.  The  next  section  will 
discuss  the  routine  requisition  process  sector. 

Routine  Requisition  Process  Sector 
Process  Description 

The  goal  of  this  sector  is  to  insure  that  an 
adequate  number  of  engines  will  be  available  at  base  level. 
To  achieve  this  a  link  is  formed  between  the  base  and  depot 
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inventories.  The  purpose  of  this  sector  is  to  compensate 
the  base  for  the  loss  of  engines  due  to  NRTS  actions. 

This  is  done  by  calculating  the  pipeline  inventory  needed 
to  support  base  level  demands  for  serviceable  engines. 
Knowledge  of  the  pipeline  quantities  allows  the 
calculation  of  a  safety  level  quantity.  If  there  are  no 
major  long-term  changes,  a  requisition  will  be  created  only 
when  an  engine  is  declared  NRTS. 

The  tracking  of  requisitions  is  required  to  keep 
from  double  ordering  against  a  single  requirement  and  to 
monitor  system  performance.  Once  transmitted  to  the  depot 
a  requisition  will  be  counted  as  a  backorder  on  the  depots' 
serviceable  engine  inventory  until  it  is  satisfied  by  a 
shipment  from  the  depot.  From  this  process  description  a 
causal-loop  diagram  can  be  drawn. 

Causal-Loop  Diagram  of  the 
Routine  Requisition  Process 

Figure  3-13  is  a  causal-loop  diagram  of  the  base 
routine  requisition  process.  As  the  engine  demand  rate 
increases  a  like  increase  is  seen  in  the  perceived  demand 
rate  and  the  daily  demand  rate.  The  engine  demand  rate 
also  causes  an  increase  in  unserviceable  engines.  Both 
unserviceable  engines  and  the  perceived  demand  rate  have  a 
direct  impact  on  the  engine  repair  rate. 

The  engine  repair  rate  has  an  inverse  relation¬ 
ship  with  the  routine  shipments  from  the  depot.  As  the 
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pi6»  3-18.  Causal-Loop  Diagram  of  the  Base-Level  Requisition  Process  Sector 


engine  repair  rate  goes  up  the  shipments  from  depot  will 
go  down. 


The  engine  demand  rate  has  a  direct  relationship 
with  the  daily  demand  rate.  These  two  variables,  while 
similar,  are  not  the  same.  The  daily  demand  rate  is  a  130 
day  moving  average  of  the  demand  for  engines.  An  increase 
in  the  daily  demand  rate  will  cause  an  increase  in  routine 
requisitions.  This  increase  in  routine  requisitions 
causes  a  like  increase  in  the  number  of  depot  backorders. 

As  backorders  increase  the  routine  shipments  from  the 
depot  will  also  increase. 

An  increase  in  routine  shipments  from  the  depot 
will  cause  an  increase  in  the  number  of  serviceable  engines 
and  a  decrease  in  depot  backorders.  As  the  serviceable 
engines  increase  the  routine  requisition  will  decrease. 

An  increase  in  the  engine  demand  rate  will  also 
increase  the  number  of  unserviceable  engines.  This 
increase  in  the  unserviceables  causes  an  increase  in  both 
the  NETS  rate  and  the  engine  repair  rate. 

As  shown  in  the  diagram  the  major  influence  in 
this  sector  is  the  engine  demand  rate.  This  demand  rate 
will  impact  on  routine  shipments  through  the  engine  repair 
rate  and  the  daily  demand  rate. 

Prom  this  causal-loop  diagram  and  the  process 
description  a  flow  diagram  of  the  requisition  process  can 
be  developed.  This  flow  diagram  will  be  discussed  next. 
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The  flow  diagrams  for  this  sector  are  shown  in 
Figures  3-19,  3-20,  and  3-21.  The  diagrams  were  separated 
for  ease  of  reading. 

Figure  3-19  is  the  flow  diagram  for  the  daily- 
demand  computation.  The  rate  of  demand  (RDEM)  combines 
with  the  computation  interval  to  yield  the  daily  demand 
factor  (DDF).  DDF,  a  linear  array,  is  used  to  obtain  the 
repair  cycle  quantity  (RCQ) ,  NRTS  quantity  (NQ),  and  the 
order  and  ship  time  quantity  (OSTQ). 

A  linear  array  is  used  to  obtain  these 
quantities  in  terms  of  a  180  day  moving  average.  This 
format  was  used  because  the  Air  Force  uses  a  180  day 
moving  average  to  compute  its  required  inventory  levels. 

Figure  3-20  is  the  flow  diagram  for  the  repair 
rate  computation.  The  rate  unserviceables  return  to 
service  (RURS)  combines  with  the  computation  interval  (DT) 
to  yield  the  reparable  this  station  factor  (RTSF),  a 
linear  array  with  the  same  dimensions  as  DDF.  At  the  same 
time,  the  rate  engines  are  declared  NRTS  (RNRTS),  the 
diversion  to  depot  rate  (DTDR),  and  the  computation 
interval  (DT),  combine  to  give  the  not  reparable  this 
station  factor  (NRTSF),  also  a  linear  array  with  the  same 
dimensions  as  DDF.  This  structure  is  used  to  obtain  a  180 
day  moving  average  of  the  repair  process.  RTSF  and  NRTSF 


TABLE  3-5 

Variables  Appearing  in  Figure  3-20 


RTSF 

RUR3 

RTS 

NRTSF 

RNRTS 

DTDR 

NRTS 

P3R 

RCQ 

NQ 

OSTQ 


REPARABIiE  THIS  STATION  FACTOR 
RATE  AT  WHICH  UNSERVICE ABLES  RETURN  TO  SERVICE 
( ENGINES/ YK) 

REPARABLE  THIS  STATION  (ENGINES/DAY) 

NOT  REPARABLE  THIS  STATION  FACTOR 
RATE  ENGINES  DECLARED  NRTS  (ENGINES/WK) 
DIVERSION  TO  DEPOT  RATE  (ENGINES/WK) 

NOT  REPARA3LE  THIS  STATION  (ENGINES/DAY) 

PERCENTAGE  BASS  REPAIR 

REPAIR  CYCLE  QUANTITY  (ENGINES) 

NRTS  QUANTITY  (ENGINES) 

ORDER  AND  SHIP  TIME  QUANTITY  (ENGINES) 
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combine  with  180  to  yield  the  variables  RTS  and  NRTS 
which  combine  to  yield  the  percentage  base  repair  (PBR). 

PBR  is  used  as  an  input  to  repair  cycle  quantity,  NRTS 
quantity,  and  order  and  ship  time  quantity. 

Figure  3-21  is  the  flow  diagram  for  repair  cycle 
quantities,  demand  computation,  and  depot  backorders. 

The  daily  demand  (DDR)  and  the  percentage  base  repair 
(PBR)  combine  with  the  repair  cycle  time  (RCT)  to  yield 
the  repair  cycle  quantity  (RCQ).  DDR  and  PBR  combine  with 
the  order  and  ship  time  (OST)  to  yield  the  order  and  ship 
time  quantity  (OSTQ).  RCQ,  NQ,  and  OSTQ  combine  to  give 
the  safety  level  quantity  (SLQ).  These  quantities  are 
those  which  are  required  to  fill  the  repair  and 
transportation  pipelines  and  ensure  a  buffer  inventory  is 
maintained  to  protect  the  system  from  surges  in  demand  at 
base  level. 

The  base  serviceable  stock  (BSS)  and  the  safety 
level  quantity  (SLQ)  combine  to  yield  the  trial 
requisition  quantity  (TRQ).  This  quantity  is  used  to 
represent  the  decision  structure  used  to  place  an  order 
with  the  depot.  It  is  combined  with  the  actual 
requisitions  placed  with  depot  (ARQP)  to  yield  the  actual 
requisitions  quantity  (ARQ).  ARQ  when  combined  with  the 
computation  interval  (DT)  will  give  the  instantaneous 
order  rate  (IOR). 

The  instantaneous  order  rate  determines  the  actual 
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TABLE  3-6 

Variables  Appearing  in  Figure  3-21 


RCQ 

DDR 

PBR 

RCT 

NQ 

'IT 

OSTQ 

03T 

3LQ 

3S3 

SINVE  - 
NAG 
TRQ 
ARQP 
RARFD  - 

ARQ 
I  OR 
RDD 
RTD 
DBO 

RR3FD  - 
DRSRFD  - 


REPAIR  CYCLE  QUANTITY  (ENGINES) 

DAILY  DEMAND  RATE  (ENGINES/DAY) 

PERCENTAGE  3ASE  REPAIR 
REPAIR  CYCLE  TIME  (DAYS) 

NRTS  QUANTITY  (ENGINES) 

NRTS  ASSESSMENT  TIME  (DAYS) 

ORDER  AND  SHIP  TIME  QUANTITY  (ENGINES) 

ORDER  AND  SHIP  TIME  (DAVS) 

SAFETY  LEVEL  QUANTITY  (ENGINES) 

BASE  SERVICEABLE  STOCK  (ENGINES) 

SERVICEABLE  INVENTORY  OF  ENGINES  (ENGINES) 
NUMBER  OF  AIRCRAFT  (UNITS) 

TRIAL  REQUISITION  QUANTITY  (ENGINES) 

ACTUAL  REQUISITIONS  PLACED  V/ITH  DEPOT  (ORDERS) 
RATE  OF  ARRIVAL  OF  ROUTINE  SHIPMENTS  FROM  DEPOT 
( ENGINES/ WK) 

ACTUAL  REQUISITION  QUANTITY  (ENGINES) 
INSTANTANEOUS  ORDER  RATE  (ENGINES  ORDERS /WK ) 
REQUISITION  DELAY  TO  DEPOT  ( ORDERS /.VK) 
REQUISITION  TRANSMISSION  DELAY  (WKS) 

DEPOT  BACKORDERS  (ORDERS) 

RATE  OF  ROUTINE  SHIPMENTS  FROM  DEPOT  (ENGINES/ 
WK) 

DESIRED  SHIPMENT  RATE  FROM  DEPOT 


requisitions  placed  with  the  depot  and,  in  turn,  the  rate 
of  arrival  of  shipments  from  the  depot  (RARFD).  It  also 
determines  the  requisition  delay  to  depot  (RDD)  via  a 
third-order  delay  which  yields  the  level  of  depot 
backorders  (DBO)  and  ultimately  the  rate  of  routine 
shipments  from  the  depot  (RRSFD)  as  well  as  the  desired 
rate  of  routine  shipments  from  the  depot  (DRSRFD).  This 
entire  structure  is  an  attempt  to  capture  the  decision 
process  used  by  managers  to  decide  whether  an  engine  will 
be  ordered  to  satisfy  a  requirement. 

From  the  flow  diagram  just  described  DYNAMO 
equations  are  developed.  These  equations  are  developed 
next. 

DYNAMO  Equations  for  the 

Routine  Requisition  Process 

The  DYNAMO  equations  for  the  daily  demand  rate 
are  as  follows: 

FOR  1=1,181 

L  DDF.K( 1 )=DDF. J( 1 )+DT*RDEM. JK 

N  DDF( I) =0.02 

A  DDR. K= SUMY ( DDF. K , 2,181)/130 

S  LDD.K=SHI?TL(DDF.K, .143) 

The  FOR  statement  is  a  fortran  insert  used  to 
alert  DYNAMO  of  the  presence  of  an  array.  In  this  case, 
the  arrays  will  be  linear  and  181  blocks  long.  Each  block 
corresponds  to  one  day. 
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The  daily  demand  factor  is  a  level  with  a  change 
rate  equal  to  the  rate  of  demand  for  engines.  The  daily 
demand  factor  is  then  summed  over  its  rangi  of  values  and 
then  divided  by  180  to  yield  the  daily  demand  rate.  V/ith 
each  additional  day  the  SHIFTL  function  discards  the  181st 
day  and  adds  the  new  value  to  the  first  spot.  This 
structure  is  used  to  represent  the  computation  of  a  130 
day  moving  average  for  the  demand  rate. 

The  base  repair  rate  computation  equations  are 
as  follows: 

L  RTS?.K(1 )=RTS?.J(1 )+DT*RURS.JK 

N  RTSF( I )=0 .8 

A  RTS. K= SUMY ( RTS?. K, 2,181 )/l80 

3  LRTS.K=SHIFTL(RTSF.K, .143 

L  NRTS? . K ( 1 ) =NRTS? . K ( 1 )+DT ( RNRTS . JK+ DTDR . JK ) 

N  NRTSF( I )=0. 2 

A  NRTS.X=SUMV(NRTSF.K,2, 181 )/l80 

3  LNRTS ,K=SHIPTL(NRTSP.K, .143) 

A  PBR.X=RTS.X/ (RTS ,K+ NRTS. K) 

These  equations  are  used  to  capture  the  moving 
average  of  the  reparable  and  not  reparable  this  station 
factor.  This  is  computed  in  the  same  fashion  as  described 
for  the  daily  demand  rate.  Again,  180  days  is  used 
because  it  corresponds  to  the  length  of  time  over  which 
the  daily  demand  rate  is  averaged. 

The  repair  cycle  quantities  are  derived  in  the 
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following  equations: 


A  RCQ.K=(DDR.K*PBR.K*RCT) 

C  RCT=1 4  -  IN  DAYS 

A  NQ.K=DDR.K*( 1-PBR.K)*NT 

C  NT=8  -  IN  DAYS 

A  OSTQ.K=DDR.K*( 1-PBR.K)*0ST 

C  OST=6  -  IN  DAYS 

A  SLQ.K=SQRT(3*( RCQ .K+NCQ .X+OSTQ .K) )*CFACT 

C  CFACT=2 .0 

The  repair  cycle  quantity  (RCQ)  is  equal  to  the 
daily  demand  rate  times  the  percentage  base  repair  (PBR) 
times  the  repair  cycle  time  (RCT).  This  equation  is  used 
to  obtain  the  number  of  engines  in  the  base  repair  cycle. 
This  quantity  is  used  in  deriving  the  safety  level 
quantity. 

The  NRTS  quantity  (NQ)  is  equal  to  the  daily 
demand  rate  times  one  minus  the  percentage  base  repair 
times  the  NRTS  assessment  time  (NT).  The  equation  is 
used  to  determine  the  quantity  of  engines  being  sent  to 
the  depot  for  repair.  This,  also,  will  be  used  to  derive 
the  safety  level  quantity. 

The  order  and  ship  time  quantity  (OSTQ)  is 
obtained  by  multiplying  the  daily  demand  rate  by  one  minu 
the  percentage  base  repair  multiplied  by  the  order  and 
shipment  time  (OST).  This  is  the  quantity  which  will  be 
in  the  transportation  pipeline,  given  a  certain  daily 


demand.  It  is  also  used  in  the  determination  of  the 
safety  level  quantity. 

The  safety  level  is  a  function  of  the  repair 
cycle  quantity,  NRTS  quantity,  and  order  and  shipment 
quantity.  These  quantities  give  the  number  of  engines 
which  must  be  on  hand  to  provide  a  margin  of  safety 
against  surges  in  the  use  rate  of  engines. 

The  base  serviceable  stock  (3SS)  is  obtained  by 
taking  the  maximum  of  zero  and  the  difference  between  the 
serviceable  inventory  of  engines  and  the  number  of 
aircraft  multiplied  by  the  engine  correction  factor  (EOF). 
This  formulation  is  used  to  derive  the  number  of  service¬ 
able  spares  on  the  base.  A  MAX  function  is  used  because 
a  negative  quantity  of  spares  would  not  be  useful  for 
this  model.  The  equation  used  to  derive  base 
serviceable  stock  is  listed  below. 

A  3SS.K=MAX(0, (SINVE.K-NAC*ECF) ) 

The  trial  requisition  quantity  is  derived  in  the 
following  equation: 

A  TRQ.K-MAX(0, (SLQ.K-BSS.K) ) 

This  formulation  is  used  to  avoid  ordering  a  negative 
quantity,  which  would  be  meaningless. 

The  level,  actual  requisitions  placed  with  the 
depot  (ARQP),  is  determined  by  the  following  equations: 

L  ARQP . K- ARQP . J+  DT* ( I OR . JX-RARED . JK ) 

N  ARQP=0 
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This  is  the  number  of  requisitions  which  would  be  placed 
based  on  the  order  rate  and  the  arrival  of  shipments  from 
the  depot.  This  quantity,  and  the  trial  requisition 
quantity  (TRQ),  is  used  to  derive  the  actual  requisition 
quantity.  This  is  an  attempt  to  capture  the  decision 
structure  used  when  placing  orders.  Managers  will  make 
a  decision  on  what  to  order  based  on  the  experience  with 
the  arrival  rate  of  shipments  and  the  status  of  their 
inventory.  The  equation  for  actual  requisition  quantity 
is  shown  below. 

A  ARQ.K*MAX(0, (TRQ.K-ARQP.K) ) 

This  quantity  is  used  in  determining  the 
instantaneous  order  rate.  This  is  used  because  managers 
will  base  the  orders  they  make  upon  their  knowledge  of  the 
orders  which  were  made  previously.  The  equation  for  IOR 
is  listed  below. 

R  IOR.KL=ARQ.K/DT 

For  the  purpose  of  this  model  an  order  placed 
with  the  depot  is  counted  as  a  backorder  until  it  is 
satisfied.  The  equations  for  this  string  are  shown  next. 

L  DBO . X»DBO . J+DT* ( RDD . JK-RRSFD . JX ) 

N  DB0=0 

R  RDD.KL=DELAY3( IOR.XL, RTD) 

C  RTD*. 1 

This  structure  is  used  to  capture  the  number  of  backorders 
which  will  be  at  the  depot.  The  requisition  delay  to 
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depot  (RDD)  is  a  third-order  delay  of  the  instantaneous 
orier  rate  over  the  requisition  transmission  delay  (RTD) 
of  0.1  week.  This  time  was  used  because  it  is  the 
length  of  time  needed  to  place  an  order  with  the  depot. 

This  section  has  presented  the  routine 
requisition  process  sector.  The  flow  diagrams  and  system 
equations  were  presented  and  discussed.  The  next  section 
will  present  the  depot  repair  sector. 

Depot  Repair  Process  Sector 
Process  Description 

The  depot  repair  sector  consists  of  the  following 
two  sub-processes: 

1 .  The  movement  of  unserviceable  engines  from 
base  to  depot  for  repair  and; 

2.  The  repair  of  unserviceable  engines,  return¬ 
ing  them  to  the  depot  inventory  of  serviceable  engines. 

These  two  processes  may  experience  delays,  if  the 
item  manager  determines  that  the  depot  serviceable  stock 
is  low  he  may  shorten  the  time  an  engine  will  wait  before 
it  goes  under  repair.  Conversely,  should  the  stock  of 
serviceable  engines  be  high  the  engine  may  experience  a 
delay  before  going  into  the  repair  cycle. 

Causal -Loop  Diagram 

of  the~5epot  Repair  Process 

Figure  3-22  is  a  causal-loop  diagram  of  the  depot 
repair  process.  An  increase  in  the  base  unserviceable 
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ig.  3-22.  Causal-Loop  Diagram  for  the  Depot  Repair  Process  Sector 


engine  inventory  will  increase  the  shipments  of 
unserviceable  engines  to  the  depot,  as  will  an  increase 
in  the  NRTS  rate.  As  shipments  to  the  depot  increase, 
the  depot  repair  rate  will  be  increased.  This  increase 
in  the  depot  repair  rate  will  cause  an  increase  in  the 
depot  serviceable  inventory,  which  decreases  the  depot 
repair  rate. 

Prom  the  causal-loop  diagram  just  described,  a 
flow  diagram  can  be  drawn.  This  flow  diagram  will  be 
discussed  next. 

Plow  Diagram  of  the 
Depot  Repair  Process 

The  flow  diagram  for  this  sector  is  shown  in 
Pigure  3-23.  The  unserviceable  inventory  of  engines 
(USINVE)  and  the  maximum  base  backlog  (MBBLOG)  combine 
to  give  the  excess  base  maintenance  backlog  (EBBLOG). 
E33L0G  is  then  combined  with  the  computation  interval  (DT) 
to  yield  the  trial  diversion  to  depot  rate  (TDTDR). 

The  depot  maximum  throughput  (DMAXTP)  and  the 
rate  engines  are  declared  NRTS  (RNRTS)  are  combined  to 
form  the  diversion  to  depot  rate  limit  (DTDRL).  This 
limit  and  the  trial  diversion  to  depot  rate  (TDTDR)  are 
then  combined  to  yield  the  diversion  to  depot  rate.  This 
structure  is  used  to  show  that  the  diversion  to  depot  rate 
will  be  a  function  of  the  workload  at  base  level. 

The  NRTS  rate  and  the  diversion  to  depot  rate 


USINVE 


Fig.  3-23.  Flow  Diagram  for  the  Depot  Repair  Process 


TABLE  3-7 


Variables  Appearing  in  Figure  3-23 


EB3L0G  -  EXCESS  BASE  MAINTENANCE  BACKLOG  (ENGINES) 
USINVE  -  UNSERVICEABLE  ENGINE  INVENTORY  (ENGINES) 
M33L0G  -  MAXIMUM  BASE  MAINTENANCE  BACKLOG  (ENGINES) 
TDTDR  -  TRIAL  DIVERSION  TO  DEPOT  RATE  ( ENGINES /V/KS) 

DTDRL  -  DIVERSION  TO  DEPOT  RATE  LIMIT  (ENGINES/WK) 

DMAXTP  -  DEPOT  MAXIMUM  REPAIR  THROUGHPUT  (ENGINES/WK) 
RNRTS  -  RATE  ENGINES  DECLARED  NRTS  (ENGINES/NK) 

DTDR  -  DIVERSION  TO  DEPOT  RATE  (ENGINES/WK) 

DUI  -  DEPOT  UNSERVICEABLE  INVENTORY  (ENGINES) 

DRR  -  DEPOT  REPAIR  RATE  (ENGINES/WK) 

DRDFX  -  DEPOT  REPAIR  DELAY  FACTOR  INDEX 

DRD7  -  DEPOT  REPAIR  DELAY  FACTOR 

DRDTA3  -  DEPOT  REPAIR  DELAY  TABLE 


IDS  -  INITIAL  DEPOT  STOCK  (ENGINES) 

DSISS  -  DEPOT  SERVICEABLE  INVENTORY  SAFETY  STOCK  (ENGINES) 
DRD  -  DEPOT  REPAIR  DELAY  (1VK3) 

DSI  -  DEPOT  SERVICEABLE  INVENTORY  (ENGINES) 


axe  the  inputs  to  the  depot  unserviceable  inventory  (DUI) 
level.  The  depot  repair  rate  (DRR)  is  the  outflow  of  the 
depot  unserviceable  inventory.  This  structure  shows 
engines  waiting  in  an  unserviceable  inventory  prior  to 
being  put  into  repair.  This  repair  rate  is  seen  as  a 
third-order  delay.  It  is  a  function  of  the  depot  repair 
delay  factor  ( DRDF )  and  the  minimum  depot  repair  delay. 

The  depot  serviceable  inventory  (DSI)  is  the 
result  of  the  depot  repair  rate  acting  upon  the  depot 
unserviceable  inventory  (DUI).  The  depot  repair  delay 
factor  index  is  derived  from  the  depot  serviceable 
inventory  and  the  depot  serviceable  inventory  safety 
stock  (DSISS).  The  depot  repair  delay  factor  index  then 
combines  with  the  depot  repair  delay  table  ( DRDTAB )  to 
yield  the  depot  repair  delay  factor.  This  structure  is 
used  to  capture  the  decision  process  involved  in  deciding 
how  soon  an  engine  will  be  started  in  maintenance. 

Prom  the  depot  serviceable  inventory  flows  two 
separate  rates.  They  are  the  rate  of  priority  shipments 
from  the  depot  (RPSFD),  and  the  rate  of  routine  shipments 
from  the  depot  ( RRSFD) .  These  will  be  discussed  in  the 
section  on  the  depot  resupply  sector. 

From  the  flow  diagram  just  described,  DYNAMO 
equations  are  developed.  These  equations  are  presented 
next. 
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DYNAMO  Equations  for  the 
Depot  Repair  Process 

The  excess  base  maintenance  backlog  is  derived 
from  a  maximum  function.  The  function  returns  zero  or 
the  difference  between  the  unserviceable  inventory  of 
engines  and  the  maximum  base  maintenance  backlog.  EBBLOG 
is  then  divided  by  the  computation  interval  (DT)  to  yield 
the  trial  diversion  to  depot  rate.  The  diversion  to 
depot  rate  limit  is  the  difference  between  the  depot 
maximum  throughput  (DMAXTP)  and  the  rate  engines  are 
declared  NRTS.  The  diversion  to  depot  rate  (DTDR)  is 
obtained  from  a  FIFGE  macro.  This  macro  returns  either 
DTDRL  or  the  TDTDR,  as  appropriate.  This  formulation  is 
used  to  capture  the  decision  structure  involved  in 
sending  an  engine  to  the  depot.  These  equations  are 
listed  below. 

A  EBBLOG . K=MAX ( US INVE . K-MBBLOG , 0 ) 

C  M3BL0G=2 

A  TDTDR. K=EBBLOG.K/DT 

A  DTDRL. K-DMAXTP-RNRTS . JK 

C  DMAXTP® . 4 

R  DTDR . KL=FIFGE ( DTDRL . K , TDTDR . K , TDTDR . K , DTDRL . K 

C  DMAXTP®. 4 

R  DTDR . KL=FIFGE ( DTDRL . K , TDTDR . X , TDTDR . K , DTDRL . K ) 

The  depot  unserviceable  inventory  (DUI)  level 
equation  has  a  change  function  of  the  rate  engines  are 


declared.  NRTS  and  the  diversion  to  depot  rate  (DTDR) 
minus  the  depot  repair  rate.  This  is  an  attempt  to  show 
that  control  of  the  depot  unserviceable  inventory  is 
dependent  upon  the  depot  repair  rate  staying  even,  or 
ahead  of  the  rate  engines  are  coming  into  the  depot,  RNRTS 
and  DTDR.  The  equations  for  DUI  are  listed  next. 

L  DUI . E=DUI . J+DT* ( RNRTS . JE+DTDR . JK-DRR . JX ) 

N  DUI=0 

The  depot  repair  rate  (DRR)  is  a  third-order 
delay  of  the  sum  of  the  rate  engines  are  declared  NRTS  and 
the  diversion  to  depot  rate.  The  sum  is  delayed  over  the 
depot  repair  delay.  This  is  used  to  show  that  the  depot 
repair  rate  will  be  based  upon  the  number  of  engines 
coming  into  the  depot  for  repair. 

The  depot  repair  delay  is  obtained  from  an 
auxiliary  chain.  The  chain  starts  with  the  depot  repair 
delay  factor  index.  This  is  obtained  by  dividing  the 
depot  serviceable  inventory  (DSI)  by  the  depot 
serviceable  inventory  safety  stock  (DSISS).  The  depot 
repair  delay  factor  index  is  used  as  an  input  to  the 
depot  repair  delay  table  (DRDTAB)  to  yield  the  depot 
repair  delay  factor  ( DRDF ) ,  When  the  depot  repair  delay 
factor  is  multiplied  by  the  minimum  depot  repair  delay 
(MINDRD)  of  3.5  weeks,  the  depot  repair  delay  is 
obtained.  This  formulation  is  used  in  an  attempt  to 
capture  the  decision  process  involved  in  putting  engines 
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through  the  repair  process.  As  noted  earlier,  the  engine 
manager  will  vary  the  rate  engines  go  through  repair 
dependent  upon  the  status  of  the  depot  serviceable 
inventory.  The  equations  which  are  used  to  do  this  are 
shown  below. 

R  DRR . K1=DELAY3 ( ( RNRTS . JK+DTDR . JK ) , DRD . K ) 

A  DRD?X.K=DSI.K/DSISS 

A  DRD?.X=TABHL(DRDTA3.DRDFX.K,1 . 1 , IDS/DSIS3, 

(IDS(DSISS)-I .1 ) 

T  DRDTAB=l/2.75 

C  IDS=1 0 

C  DSISS=2 

A  DRD.K=DRDF.K*MINDRD 

C  MINDRD=3.5 

The  final  equation  to  be  discussed  in  this  section 
is  the  level,  depot  serviceable  inventory  (DSI).  This 
equation  has  a  change  rate  of  the  depot  repair  rate  minus 
the  rate  of  shipments  from  the  depot,  both  routine  (RRSFD) 
and  priority  (RPSFD) .  The  equation  for  DSI  is  listed 
below: 

L  DS I . K=DSI . J+DT* ( DRR . JK-RRSFD . JX-RPS7D . JK ) 

N  DSI=IDS 

This  section  has  discussed  the  depot  repair 
process.  The  flow  diagram  and  DYNAMO  equations  were 
presented  and  discussed.  The  next  section  will  discuss 
the  depot  resupply  sector. 


Depot  Resupply  Process  Sector 
Process  Description 

This  sector  deals  with  the  link  between  depot 
serviceable  and  base  serviceable  inventories.  The 
resupply  of  base  inventories  is  performed  in  two  ways. 

The  first,  is  routine  shipments  that  arise  from  day-to-day 
operations.  The  second,  is  priority  shipments.  These 
priority  shipments  are  used  to  satisfy  mission  capable 
(MICAP)  requirements.  The  need  for  these  shipments  arises 
when  the  routine  resupply  system  does  not  keep  the  base 
serviceable  inventory  at  a  level  which  will  support  the 
flying  hour  program. 

Prom  this  process  description  a  causal-loop 
diagram  can  be  drawn.  This  diagram  will  be  discussed  next. 

Causal -Loop  Diagram  of  the 
Hjjofr  Resupply  Process 

Figure  3-24  is  a  causkl-loop  diagram  of  the  depot 
resupply  process  sector.  The  resupply  of  serviceable 
engines  at  the  base  level  is  based  upon  historic  usage  and 
repair  patterns.  This  is  intended  to  be  the  basis  for 
routine  shipments.  From  time-to-time  surges  in  flying 
activity  may  cause  the  serviceable  inventory  of  engines 
to  be  depleted  to  the  point  of  affecting  mission 
capability.  This  situation  is  commonly  referred  to  as 
"Not  Mission  Capable  Supply”  (NMC3).  The  existence  of  a 
NMCS  situation  will  cause  the  levying  of  a  mission 
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Pig.  3-24.  Causal-Loop  Diagram  for  the  Depot  Resupply  Process  Sector 


capability  (MICAP)  requirement  on  the  depot  serviceable 
inventory.  Satisfaction  of  a  MICAP  requisition  is  by 
priority  shipment. 

Prom  this  causal-loop  diagram  a  flow  diagram  of 
the  sector  was  developed.  This  flow  diagram  will  be 
discussed  next. 

Flow  Diagram  of  the 
Itepot  Resupply  Process 

Figure  3-25  is  a  flow  diagram  of  the  depot  re¬ 
supply  sector.  Engines  move  from  the  depot  serviceable 
inventory  (DSI)  at  the  rate  of  priority  shipments  from 
depot  (RPSPD)  into  the  priority  shipments  in  transit 
level  (PINTRl).  From  this  level,  engines  move  into  the 
serviceable  inventory  of  engines  (SINVS)  through  a 
third-order  delay,  the  rate  of  arrival  of  priority  ship¬ 
ments  from  depot  (RAPFD). 

Engines  also  move  from  the  depot  serviceable 
inventory  (DSI)  at  the  rate  of  routine  shipments  from 
depot  (RRSFD)  into  the  routine  shipments  in  transit  level 
(RINTRL).  From  this  level,  engines  move  into  the 
serviceable  inventory  of  engines  (SINVE)  through  a 
third-order  delay,  the  rate  of  arrival  of  routine  shipments 
from  the  depot. 

This  flow  diagram  is  intended  to  depict  the 
structure  of  the  transportation  network  between  base  and 
depot.  From  this  flow  diagram,  DYNAMO  equations  are 
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Diagram  for  Depot  Resupply  Sector 


Variables  Appearing  in  Figure  3-25 


MTL 

?H? 

AUL 

NAC 

PMR 

SI1S7VS 

PARED 


RRSFD 

RARPD 

AMR 

RURS 

AMS 

D3I 

RPSFD 

PINTR1 

RAPED 


D3LTP 

DSIARP 


DSIMRS 


DRSRFD 


DBO 

FIR? 

RINTRL 

RARPD 

DELTR 


MICAP  THRESHOLD  LEVEL  (ENGINES) 

FLYING  HOUR  PROGRAM  (ELY  HR/WK) 

ABSOLUTE  UTILIZATION  LIMIT  (FLY  HR/ AIRCRAFT/ WK) 
NUMBER  OF  AIRCRAFT  (UNITS) 

POTENTIAL  MICA?  REQUIREMENTS  (ENGINES) 

SERVICEABLE  INVENTORY  OF  ENGINES  (ENGINES) 
PERCEIVED  ARRIVAL  RATE  OF  ROUTINE  SHIPMENTS  FROM 
DEPOT  (ENGINES/V/K) 

RATE  0^  ROUTINE  SHIPMENTS  FROM  DEPOT  ( ENGINES/ WK) 
ROUTINE  ARRIVAL  RATE  PERCEPTION  DELAY  (WKS) 

ACTUAL  MICAP  REQUIREMENTS  (ENGINES) 

RATE  AT  WHICH  UNSERVICEABLES  RETURN  TO  SERVICE 
(ENGINES/V/K) 

ACTUAL  MICAP  SHIPMENTS  (ENGINES) 

DEPOT  SERVICEABLE  INVENTORY  (ENGINES) 

RATS  OF  PRIORITY  SHIPMENTS  FROM  DEPOT  (ENGINES/ 
WK) 

PRIORITY  SHIPMENTS  IN  TRANSIT  LEVEL  (ENGINES) 

RATE  OF  ARRIVAL  OF  PRIORITY  SHIPMENTS  FROM  DEPOT 
(ENGINES /WK) 

PRIORITY  TRANSPORTATION  PIPELINE  DELAY  (V/XS) 

DEPOT  SERVICEABLE  INVENTORY  AVAILABLE  TO  THE 
ROUTINE  PIPELINE  (ENGINES) 

DEPOT  SERVICEABLE  INVENTORY  MICAP  RESERVE  STOCK 
(ENGINES) 

DESIRED  ROUTINE  SHIPMENT  RATS  FROM  DEPOT  (ENGINE/ 
WK) 

DEPOT  BACKORDERS  (ORDERS) 

FILL  RATE  FACTOR  (WKS) 

ROUTINE  IN  TRANSIT  PIPELINE  LEVEL  (ENGINES) 

RATE  OF  ARRIVAL  OF  ROUTINE  SHIPMENTS  FROM  DEPOT 
(ENGINES/WK) 

ROUTINE  TRANSPORTATION  DELAY  (WKS) 


developed.  These  equations  will  be  discussed  next. 


DYNAMO  Equations  of  the 
l)epot  Resupply  Process 

The  mission  capability  threshold  limit  (MTL)  is 
determined  by  a  minimum  function.  MTL  is  the  minimum  o^ 
the  faring  hour  program  (PHP)  divided  by  0.7  times  the 
absolute  utilization  limit  (AUL)  or  the  number  of  assigned 
aircraft. 

A  MTL.K=MIN(?HP/0.7*AUL),NAC) 

The  potential  MICAP  requirements  (PMR)  is  the 
maximum  of  the  MTL  minus  the  priority  shipments  in 
transit  level  and  the  serviceable  inventory  of  engines  or 
zero.  A  maximum  is  used  to  avoid  having  a  negative  MICAP 
requirement. 

A  PMR . K=MAX ( ( MTL . K- ( PINTRL . K+  SINVE .  K  )  )  ,  0  ) 

The  purpose  of  these  two  equations  is  to  capture 
the  decision  structure  involved  in  making  MICAP 
assessments.  This  structure  is  used  to  show  that  PMR  is 
a  function  of  the  flying  hour  program  and  the  number  of 
assigned  aircraft. 

The  perception  of  an  occurrence  is  nearly  as 
important  as  the  actual  occurrence.  For  this  reason,  the 
perceived  arrival  rate  of  routine  shipments  from  depot 
(PARED)  is  calculated  as  a  third-order  information  delay 
of  the  rate  of  arrival  of  routine  shipments  from  the  depot 
(RRSFD)  over  the  routine  arrival  rate  perception  delay 


(RARPD)  of  1.5  weeks.  This  value  is  used  in  the 
derivation  of  the  actual  MICAP  requirements  (AMR).  Listed 
below  are  the  equations  used  to  derive  PARPD  and  AMR. 

A  PARPD . K-LLINF3 ( RRSED . JK , RARPD ) 

C  RARPD- 1.5 

A  AMR.K=MAX( ( PMR.K-RURS . JK*DELTP- PARED. K*DELTP) ,0) 

N  AMR=0 

The  purpose  of  this  string  is  to  show  the  decision 
structure  involved  in  filling  MICAP  orders.  A  minimum 
function,  between  actual  MICAP  requirements  (AMR)  and 
depot  serviceable  inventory  (DSI),  is  used  to  avoid 
shipping  out  more  engines  than  the  depot  possesses. 

A  AMS.K=MIN(AMR.K,DSI.K) 

The  rate  of  priority  shipments  from  depot  (RPSED) 
is  equal  to  the  actual  MICAP  shipments  divided  by  the 
computation  interval  (DT).  These  shipments  are  the  inflow 
to  the  priority  in  transit  level.  Engines  leave  the 
priority  in  transit  level  at  a  rate  equal  to  the  rate  of 
arrival  of  priority  shipments  from  depot  (RAPPD).  RAPED 
is  a  third-order  delay  over  one  week.  This  formulation 
is  used  to  capture  the  movement  of  engines  between  depot 
and  base  in  a  priority  status.  These  equations  are  listed 
next. 

R  RPSED . KL=  AMS . K/ DT 

L  PINTRL  ,K-  PITTTRL .  J+  DT*  ( RPSED .  JK-RAPED .  JK  ) 


PINTRL-0 


R 


RAPFD . XL= DELAY3 ( RPSFD . JK , DELTP ) 

DELTP= 1 .0 

At  the  same  time  as  MI CAP  orders  are  being  filled 


C 

the  routine  requisition  process  is  also  taking  place.  This 
process  begins  with  the  development  of  a  rate  of  routine 
shipments  from  the  depot  (RRSFD).  The  first  variable 
developed  is  the  depot  serviceable  inventory  available 
to  the  routine  pipeline  (DSIARP).  DSIARP  is  obtained 
from  a  maximum  function.  The  function  chooses  between 
zero  and  the  depot  serviceable  inventory  minus  the  depot 
serviceable  inventory  MICAP  reserve  minus  the  actual  MICAP 
shipments.  This  formulation  avoids  negativity  and  assures 
MICAP  requirements  will  be  met  first.  It  is  an  attempt  to 
indicate  that  MICAP  requirements  will  be  satisfied  before 
routine  requirements. 

The  desired  routine  shipments  rate  from  the  depot 
(DR3RFD)  is  developed  as  the  level  of  depot  backorders 
( DBO)  divided  by  the  fill  rate  factor  ( FLRF )  of  0.4 
weeks.  This  is  used  to  show  the  manager's  desire  to 
spread  the  use  of  inventorv  over  time. 

The  rate  of  routine  shipments  from  the  depot 
(RRSFD)  can  now  be  developed  using  the  FIFOS  macro.  The 
macro  is  developed  so  as  to  return  the  value  of  DSIARP/DT 

i 

or  DR3RFD,  as  appropriate.  This  formulation  is  intended 
to  show  that  RRSFD  is  a  function  of  the  inventory 

available  and  the  number  of  backorders  in  the  svstem.  The 

i 
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equations  which  yield  RRSFD  are  listed  next. 

A  DSIARP.K=MAX( (DSI .K-DSIMRS .K-AMS .K) , 0) 

C  DSIMRS-1 

A  DRSRFD . K=  DBO . X / FLRP 

G  ?LRF=0.4 

R  RRS ?D . XL* F IFGE ( DS I ARP/ DT , DRSRFD , DRSDFD , 

DSIARP.X/DT) 

The  change  function  for  the  routine  shipments  in 
transit  level  (RINTRL)  is  equal  to  the  rate  of  routine 
shipments  from  depot  minus  the  rate  of  arrival  of  routine 
shipments  from  the  depot  (RRSPD-RARPD) .  The  equations  for 
RINTRL  are  listed  here. 

L  RINTRL . K=RINTRL . J+  DT* ( RRSRD . JK-RARPD . JX ) 

N  RINTRL=0 

The  arrival  rate  of  routine  shipments  from  depot 
(RARPD)  is  a  third-order  delay  of  RRSFD  over  the  routine 
transportation  delay  (RTD)  of  one  week.  This  equation  is 
listed  below. 

R  RARFD . KL= DELAY 3 ( RRSFD . JX , DELTR ) 

G  DELTR* 1.0 

The  purpose  of  this  formulation  is  to  show  the 

structure  of  the  resupply  process.  It  is  set  up  so  that 
priority  requisitions  are  filled  first.  Routine 
requisitions  are  filled  with  the  remaining  inventory. 

This  section  has  presented  the  depot  resupply 
sector.  The  flow  diagrams  and  DYNAMO  equations  were 
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presented  and  discussed 


Summary 

This  chapter  has  presented  the  computer  model, 
developed  by  Trichlin  and  Trempe  (25:Ch.3),  which  will  be 
used  to  study  the  engine  management  system.  Although  a 
complete  model  was  available,  the  structure  of  the  model 
had  to  be  dissected  in  order  to  ensure  the  model  did,  in 
fact,  mirror  the  system. 

The  structure  of  the  system  was  obtained  through 
interviews  with  system  managers,  personal  experience  and 
literature  review.  This  parameters  used  in  the  model 
came  from  the  systems  standard  values  for  repair  and 
transportation  times  found  in  A?M  400-1 . 

A  complete  listing  of  the  causal  diagrams  can  be 
found  in  Appendix  A.  Appendix  B  contains  the  flow 
diagrams.  Appendix  C  is  a  listing  of  system  equations. 

Discussed  in  the  next  chapter  will  be  the 
operation  of  the  computerized  model. 


CHAPTER  4 


VALIDATION 

Overview 

There  are  several  ways  to  study  the  impact  of 
policy  changes  with  a  system  dynamics  model.  Changing 
parameter  values,  changing  model  structure,  or  varying  the 
model's  input  function  are  three  methods.  Experimentation 
with  this  model  will  be  performed  by  varying  the  input 
variable,  the  flying  hour  program.  Additionally,  for  the 
second  experiment  some  changes  in  model  structure  will  be 
introduced. 

Discussed  in  this  chapter  are  the  results  obtained 
by  testing  the  operation  of  the  model  using  two  different 
flying  hour  programs.  The  first  of  these  two  programs  is 
a  scenario  simulation  approximately  four  years  of  peace¬ 
time  operations.  As  shown  in  Figure  4-1  the  flying  hour 
program  fluctuates  mildly,  this  is  intended  to  represent 
changes  in  the  flying  hour  program  which  might  come  about 
due  to  budgetary  considerations,  politics,  or  a  perception 
of  decreased  threat. 

Figure  4-1  also  shows  the  other  flying  hour 
program  which  will  be  used  to  test  the  system.  In  this 
case  a  wartime  scenario  is  used.  This  scenario,  is  as 
follows:  at  the  beginning  of  week  53  a  war  begins  and  the 
flying  hours  per  week  goes  from  300  to  900.  This  is 
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accomplished  by  stepping  the  flying  hours  per  week  by  600 
hours  per  week.  This  level,  900  hours  per  week,  is 
maintained  for  a  period  of  four  weeks.  After  four  weeks 
have  passed,  the  flying  hours  are  decreased  by  a  ramp 
function  at  a  rate  of  200  hours  per  week.  This  is  done  for 
two  weeks  after  which  the  decrease  is  slowed  to  50  hours 
per  week  until  the  flying  hour  program  is  equal  to  250 
hours  per  week.  This  is  the  typical  scenario  for  a  short, 
conventional  war  in  Western  Europe  found  in  defense 
related  literature. 

Because  the  purpose  of  the  model  was  to  observe 
the  effects  of  pipeline  times  on  the  availability  of 
engines  at  base  level  the  following  variables  will  be 
concentrated  on: 

The  unserviceable  inventory  of  engines  (USINVE). 
This  quantity  should  remain  at  or  near  zero.  In  the  real 
world  system  engines  are  rarely  kept  waiting  for  repair. 

The  serviceable  inventory  of  engines  (SINVE). 

The  engines  in  this  system  are  used  on  the  ?-4  aircraft, 
a  twin  engine  fighter.  The  model  was  developed  using  a 
hypothetical  wing  of  72  aircraft.  This  means  that  144 
engines  are  required  to  keep  all  72  aircraft  serviceable. 
For  the  purpose  of  this  model  a  serviceable  aircraft  is 
defined  as  one  with  two  serviceable  engines.  If  the 
system  is  operating  "correctly”  then  SINVE  will  remain 
at  some  value  above  144.  The  excess  of  144  are 
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used  as  spares. 

Depot  serviceable  inventory  (DSI)  is  important 
because  in  the  event  of  surges  in  the  use  rate,  this 
inventory  would  be  used  to  fill  any  need  for  engines  which 
might  be  necessary  to  satisfy  the  flying  hour  program.  The 
value  of  this  inventory  should  remain  above  zero. 

The  rate  of  demand  for  engines  (RDEM)  is  an 
indicator  of  how  many  engines  are  being  used  to  perform 
the  assigned  mission.  It  will  be  compared  with  the  per¬ 
ceived  weekly  demand  rate  (PWDR)  in  order  to  get  an  idea 
of  the  difference  between  what  managers  perceive  and  what 
is  actually  going  on. 

In  any  simulation  model  there  is  a  certain  amount 
of  time  at  the  beginning  of  the  simulation  run  which  is 
needed  to  allow  the  system  to  reach  normal  operating 
conditions.  In  the  case  of  this  model,  a  moving  average 
over  ISO  days  was  used  to  derive  several  variables.  Since 
180  days  do  not  pass  until  after  the  first  26  weeks,  this 
first  26  weeks  will  be  disregarded.  Discussion  of  the 
model’s  output  will  begin  at  week  26  or  later. 

Experimental  Run 

The  results  of  this  simulation  run,  relative  to 
SINVE  and  DSI,  are  shown  in  Figure  4-2.  The  vertical  axis 
of  the  graph  has  a  different  scale  for  each  variable.  As 
the  graph  shows,  SINVE  varies  only  slightly  more  than  DSI. 
This  would  indicate  that  the  system  accomodates  sudden 
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Results  of  Experimental  Run 


change  in  the  flying  hour  program  very  well.  A  more 
detailed  discussion  of  the  run  is  presented  in  the  next 
section. 

Discussion  of 

Experimental  Run  1_ 

Week  30  to  40.  During  this  time  period,  the  flying  hour 
program  is  at  300  hours  per  week.  The  unserviceable 
inventory  of  engines  is  essentially  at  zero.  This  is 
because  managers  will  not  wish  to  keep  unserviceable 
engines  lying  around.  These  engines  will  be  boxed  and 
shipped  to  the  depot  or  put  into  base  level  repair 
immediately.  There  is  one  engine  in  the  under  repair 
inventory.  Ten  engines  are  in  the  depot  serviceable 
inventory  while  two  are  in  the  depot  unserviceable 
inventory.  There  are  72  serviceable  aircraft  at  base 
level. 

Also  during  this  period  the  perceived  and  actual 
total  base  assets  (PTBA,  ATBA)  are  equal  at  149. 

Week  40  to  50.  During  this  time  period,  the  model  is  still 
in  equilibrium,  the  rate  engines  are  declared  NRTS  is 
showing  an  increase  but  this  is  only  from  12.5%  to  1^.0%. 
The  depot  serviceable  inventory  (DSI)  is  also  showing  a 
change.  In  this  case  it  is  decreasing,  and  there  is  a 
corresponding  increase  in  the  routine  shipments  in  transit 
level  (RINTRL).  This  indicates  engines  moving  from  the 
depot  to  base  level  in  order  to  satisfy  orders  from  the 


base.  The  rate  of  demand  for  engines  (RDEM)  is  at  .74 
with  the  perceived  weekly  demand  rate  (PWDR)  lagging 
behind  at  .61.  This  should  cause  no  problems  in  system 
operation  as  long  as  PWDR  starts  to  follow  RDEM. 

Week  50  to  60.  At  the  beginning  of  week  53,  the  flying 
hour  program  goes  from  300  hours  per  week  to  400  hours  per 
week.  This  causes  a  decrease  in  the  number  of  base 
compressors.  The  number  of  serviceable  engines  also  begins 
to  decrease  but  is  brought  back  up  almost  immediately. 

This  is  due  to  the  arrival  of  shipments  from  the  depot. 

The  unserviceable  inventory  of  engines  also  starts  to 
increase  but  is  pulled  back  to  near  zero  by  an  increase  in 
the  rate  unserviceables  go  under  repair.  During  week  55 
the  rate  of  demand  for  engines  is  at  1.0  while  the 
perceived  weekly  demand  rate  is  at  .66.  This  would 
indicate  that  managers  will  not  change  their  perception  of 
demand  unless  changes  in  use  rates  appear  to  be  long-term. 
By  the  sixtieth  week  the  system  is  beginning  to  show  signs 
of  recovery  from  the  change  in  the  flying  hour  program. 

Week  60  to  70.  During  this  time  period,  the  system 
continues  its  recovery  from  the  step  in  the  flying  hour 
program.  The  serviceable  inventory  of  engines  is  at  148 
and  remains  at  that  level  throughout  the  period.  The  NRTS 
rates  for  both  engines  and  compressors  show  an  increase 
followed  by  a  decrease.  This  is  due  to  the  effects  of  the 
change  in  the  flying  hour  program  in  week  53. 
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Both  the  rate  of  routine  shipments  from  the  depot 
and  the  arrival  of  these  shipments  show  an  increase  then 
decrease  as  the  system  corrects  for  the  change  in  the 
flying  hour  program.  Perceived  demand  and  actual  demand 
continue  to  move  closer  together  and  by  week  70  are  at 
.83  and  .36  respectively.  This  indicates  that  the  manager 
is  readjusting  his  perception  to  more  closely  mirror 
reality. 

Week  70  to  104.  Throughout  this  period,  the  system  appears 
to  have  fully  recovered  from  the  "shock”  of  the  sudden 
change  in  the  flying  hour  program. 

Week  105  to  110.  At  the  beginning  of  week  105,  the  flying 
hour  program  is  decreased  to  250  hours  per  week.  As  would 
be  expected  the  NRTS  rate  for  engines  and  compressors 
drops  with  the  lower  flying  hour  pressure.  Also,  the 
compressor  inventory  at  base  level  increases.  There  is  a 
decrease  of  one  serviceable  engine  at  base  level.  This 
would  be  explained  by  an  engine  moving  from  base  to  depot 
level  repair.  Both  the  routine  shipments  from  depot  and 
the  arrival  of  those  shipments  (RRSFD,  RARPD)  goes  to  zero 
during  this  time  period.  This  would  be  expected,  since  if 
the  pressure  is  suddenly  decreased,  a  slackening  of  most 
work  would  occur.  This  behavior  is  also  exhibited  by  the 
rate  of  demand  and  the  engine  repair  rate.  However,  the 
perception  of  demand  remains  at  .82,  near  its  previous 
level  of  .35.  This  is  expected  since  managers  will  not 


change  their  perception  until  evidence  indicates  a  change 
in  demand  is  likely  to  persist. 

Week  1 10  to  120.  During  this  time  period,  the  depot 
serviceable  inventory  goes  from  10  to  11  and  base 
serviceable s  go  from  149  to  148.  This  change  in 
serviceable  engines  can  be  attributed  to  usage.  The 
depot  compressor  inventory  continues  to  decrease  but  it 
appears  to  be  stabilizing.  Both  NRTS  rates,  engines  and 
compressors,  have  leveled  off  and  remain  constant 
throughout  the  period.  The  rate  of  demand  remains  at  .5 
throughout  this  period.  The  perceived  demand  rate, 
however,  drops  from  .82  at  week  110  to  .65  at  week  120. 
Shipments  from  the  depot  and  their  arrival  show  a  change 
from  zero  at  week  117.  The  changes  in  perceived  demand 
and  the  movement  of  engines  between  depot  and  base 
indicate  that  the  system  has  caught  up  with  the  change 
in  the  flying  hour  program. 

Week  1 20  to  156.  -During  this  period,  the  system  has 
reached  equilibrium.  All  of  the  variables  remain 
relatively  constant  over  the  entire  period. 

Week  1 57  to  170.  At  the  beginning  of  this  time  period, 
the  flying  hour  program  increases  to  350  hours  per  week. 
The  NRTS  rates  for  both  engines  and  compressors  begins  an 
increase,  but  during  the  period  from  week  leo^to  170  they 
begin  to  level  off.  Shipments,  and  their  arrival  at  base 
level,  also  show  a  sharp  increase  and  then  begin  to  level 
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off  between  week  160  to  week  170.  As  expected,  the  rate 
of  demand  leads  perceived  demand  by  .70  to  .60  at  week 
165. 

Week  170  to  180.  Daring  this  period,  the  system  continues 
to  attempt  to  correct  for  the  "shock"  of  an  increase  in 
the  flying  hour  program.  The  NETS  rate  for  both  engines 
and  compressors,  after  a  slight  increase  show  a  drop. 

Both  routine  shipments  and  their  arrivals  show  a  decrease 
during  this  period. 

Week  130  to  200.  During  the  remainder  of  the  run,  the 
system  has  recovered  from  the  effects  of  the  change  in  the 
flying  hour  program.  While  there  are  some  changes,  the 
variables  are  for  the  most  part  stable. 

Summary  of  Experimental  Run 
The  model  appears  to  mirror  the  operation  of  the 
real  world  system.  At  no  time  did  the  number  of 
serviceable  aircraft  fall  below  seventy  two.  This  is 
because  there  are  more  spares  at  base  level  than  required. 
If  serviceable  engines  had  been  set  at  144,  then  over  the 
period  of  the  run  discussed  there  would  never  have  been 
more  than  71  serviceable  aircraft  or  less  than  70.  By 
the  same  token,  if  four  spare  engines  had  been  available 
no  aircraft  would  have  been  grounded  for  lack  of  an  engine. 
Neither  of  these  two  scenarios  accounts  for  unforeseen 
surges  in  demand  or  use.  It  can  be  safely  stated  however, 
that  for  this  type  of  scenario  five  to  six  spare  engines 


would  provide  an  adequate  safety  margin  for  peacetime 
operations. 

Perceived  demand  followed  changes  in  actual 
demand.  This  would  he  expected  as  managers  will  be  slow 
to  change  perception  of  demand  unless  confronted  with 
evidence  that  indicated  the  actual  demand  change  would  be 
long-term. 

The  system  appears  to  recover  better  from  a 
decrease  in  the  flying  hour  program  than  an  increase. 

This  would  be  true  in  the  real  world  also,  since  it  is 
easier  to  decrease  the  work  rate  than  to  increase  it. 

Experimental  Run  2 

In  order  for  the  model  to  simulate  a  wartime 
scenario  several  changes  to  model  structure  were  made. 

The  first  was  a  change  in  the  equation  for  the  flying  hour 
program  (FHP).  It  became: 

A  FHP.K=300+STEP( 600, 53 )-RAMP( 200, 57 )+RAMP( 1 50, 59 )+ 

RAMP(50,64) 

The  second  was  to  change  proportion  of  engines  to 
depot  from  a  constant  to  an  auxiliary  variable.  This  was 
done  using  the  step  function: 

A  PR0PD.K=.2+STEP( .8, 53 )-STEP( . 2 , 57 )-STEP( .4,59)- 

STEP( .2,64) 

This  is  used  because  it  is  likely  that  no  engines 
will  be  repaired  under  the  high  workload  which  would  be 
encountered  during  the  early  stages  of  combat.  As  time 
passes,  and  mobilized  reservists  begin  arriving  the 


forward  location  will  be  able  to  start  picking  up  some 
of  the  repair  load.  As  time  passes  and  the  flying  hour 
program  decreases,  more  and  more  engines  will  be  repaired 
at  the  forward  location. 

The  compressor  repair  process  is  handled  in 
much  the  same  way.  However,  since  only  10  percent  of 
compressors  are  repaired  at  base  level,  the  compressor 
repair  process  is  not  accepted  until  week  65.  The 
following  equation  is  used  to  represent  this  process. 

A  PCFD.K».9+STEP(.1,53)-STEP(.1,65) 

The  following  changes  were  also  made: 

The  variable,  base  engines  (BE),  was  set  at  159. 
This  was  done  to  represent  the  war  reserve  material  which 
would  be  made  available  to  units  engaged  in  combat 
operations. 

The  minimum  depot  repair  delay  was  shortened  from 
3.5  weeks  to  1.75  weeks,  and,  the  depot  maximum  throughput 
was  increased  to  .8  engines  per  week.  These  numbers  were 
used  to  represent  the  increase  in  output  which  will  come 
about  under  a  contengency  situation.  They  also  represent 
resource  constraints  which  would  not  allow  for  a  greater 
output.  These  constraints  are  mainly  due  to  personnel  and 
time. 

The  following  changes  were  made  in  the  routine  and 
priority  pipeline  times.  The  routine  pipeline  delay  was 
changed  from  1  week  to  .572  weeks  or  4  days.  The  priority 


pipeline  delay  was  changed  from  1  week  to  .285  weeks  or 
2  days.  This  was  done  to  represent  the  speed  up  in 
transportation  expected  during  a  contingency.  Priority 
shipments  of  engines  would  he  sent  out  on  the  first 
aircraft,  and  routine  shipments  would  go  out  within 
three  or  four  days  of  an  order  receipt. 

The  results  of  experimental  run  2,  relative  to 
SINVE,  USINVE,  DSI,  and  RINTRL  are  shown  in  Figure  4-3. 

Of  particular  note,  is  the  plot  for  USINVE.  This  is  the 
same  shape  which  was  related  during  interviews  with  a 
system  manager  (15).  A  detailed  discussion  of  the  results 
of  this  run  is  presented  in  the  next  section. 

Discussion  of 

Experimental  Run  2 

Week  45.  There  are  approximately  153  serviceable  engines 
at  base  level.  Adding  the  one  engine  in  maintenance 
leaves  a  total  of  154  engines  at  base  level.  The  depot 
possesses  16  engines,  15  of  which  are  serviceable.  Actual 
demand  is  at  .66  while  perceived  demand  is  at  .60. 

Week  52.  The  flying  hour  program  is  at  300  hours  per 
week.  There  are  152  engines  at  base  level,  one  of  these 
is  in  the  under  repair  inventory.  This  leaves  17  engines 
at  the  depot,  16  of  which  are  serviceable.  Actual  demand 
is  at  .77  while  perceived  demand  is  at  .63. 

Week  53.  The  flying  hour  program  has  been  boosted  to  000 
hours  per  week  in  an  attempt  to  simulate  a  wartime 
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4-3  Results  of  Experimental  Run 


scenario.  The  base  has  152  engines  but  two  are  in  the 
under  repair  inventory.  This  indicates  the  arrival  of  am 
engine  from  the  depot  since  the  last  period.  The  actual 
rate  of  demand  has  gone  to  .80,  while  the  perceived  rate 
has  only  increased  to  .64. 

Week  55.  The  actual  demand  for  engines  per  week  is  at 
2.2  engines  per  week,  while  perceived  demand  is  now  at 
.72.  At  this  time  there  is  beginning  to  be  a  buildup  of 
engines  in  the  unserviceable  inventory  of  engines 
(USINVE).  There  are  also  2  engines  in  under  repair 
inventory  one  (URINV1).  In  this  case,  URINV1  represents 
engines  being  prepared  for  shipment  to  the  depot. 

Week  56.  The  demand  for  engines  has  started  to  decrease 
and  now  stands  at  2.16.  There  are  146  serviceable  engines 
at  base  level.  In  the  three  week  period  since  the  "war" 
started,  this  inventory  dropped  by  6.  This  indicates 
that  at  least  6  spare  engines  would  be  required  to  support 
this  type  of  flying  hour  program  and  keep  all  72  aircraft 
serviceable.  Additionally,  there  should  be  one  or  two 
engines  extra  to  serve  as  a  safety  stock.  This  is  also 
the  lowest  level  that  SINVE  reaches  in  the  run. 

Week  58  to  60.  The  flying  hour  program  goes  from  700 
hours  per  week,  at  the  beginning  of  this  period,  to  450 
hours  per  week,  at  the  end  of  the  period.  Additionally, 
the  base  is  beginning  to  pick  up  some  of  the  repair  load. 
By  the  end  of  week  60,  the  proportion  of  engines  going  to 
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the  depot  is  at  40%. 

Week  61  to  62.  As  would  be  expected,  perceived  demand 
has  moved  ahead  of  actual  demand  by  .99  to  .36.  This  is 
due  to  the  decrease  in  flying  hour  pressure.  By  the  end 
of  week  62,  the  flying  hour  program  is  down  to  350  hours 
per  week. 

Week  63  to  70.  During  this  time  period,  the  base 
serviceable  inventory  of  engines  increases  from  143  to  150. 
The  backlog  of  unserviceable  engines  is  decreased  to  zero. 
By  the  end  of  week  70,  the  system  has  reached  equilibrium. 
The  two  exceptions  are  perceived  and  actual  demand.  This 
is  due  to  the  managers  unwillingness  to  change  his 
perception  until  he  is  certain  the  demand  change  will  be 
long-term.  All  other  variables  are  stable. 

Summary  of  Experimental  Run  2 

This  was  an  experimental  run  using  a  hypothetical 
flying  hour  program  to  simulate  a  wartime  scenario.  As 
such,  it  was  an  extremely  one  dimensional  look  at  a 
wartime  environment.  The  impact  of  combat  conditions 
other  than  an  increased  flying  hour  program  was  not 
considered.  This  point  will  be  discussed  in  the 
recommendations  section  of  the  next  chapter. 

Under  the  scenario  the  system  functioned  and  kept 
a  supply  of  serviceable  engines  at  base  level.  A  run  of 
this  scenario,  with  the  flying  hour  program  allowed  to 
continue  at  900  hours  per  week  for  3  weeks,  returned 
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virtually  the  same  results. 

In  terms  of  varying  the  pipeline  times,  the 
results  were  basically  the  same  as  reported  here,  however, 
the  variations  in  inventory  between  extremes  were  larger 
for  longer  pipeline  times  and  smaller  for  shorter  times. 
This  is  similar  to  the  behavior  Forrester  reported  for 
changes  in  multi-echelon  system  delays  (5:33). 

Chapter  Summary 

This  chapter  has  presented  the  results  of  the 
model's  operation.  Two  scenarios  were  used.  In  the 
first,  the  flying  hour  program  was  varied  slightly  once 
every  52  weeks.  The  purpose  of  this  run  was  to  test  model 
behavior  relative  to  the  real  world  system.  The  operation 
of  the  model  was  similar. 

The  second  scenario  was  a  hypothetical  wartime 
flying  hour  program.  Again  the  model  acted  in  much  the 
same  manner  as  would  be  expected  from  the  real  world 
system. 

Output  from  the  two  runs  presented  in  this  chapter 
can  be  found  in  Appendix  D,  for  run  1  and  Appendix  E,  for 
run  2.  The  next  chapter  summarizes  the  research  and 
presents  conclusions  and  recommendations  for  further 
study. 
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CHAPTER  5 


SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 
Introduction 

The  objectives  for  this  research  were  stated  in 
chapter  one.  These  objectives  are  restated  below: 

1 .  Identification  of  the  major  process  of  the 
engine  management  system; 

2.  Analysis  of  the  elements  of  these  processes, 
their  structure  and  relationships,  and  the  attributes  of 
these  elements  and  relationships; 

3.  Development  of  a  mathematical  model  which 
mirrors  the  engine  management  process; 

4.  Development  of  a  computerized  model  from  the 
mathematical  and  system  dynamics  models  of  the  system; 

5.  To  verify  the  performance  of  the  model  and 
validate  that  the  model  represents  the  system; 

6.  To  evaluate  the  model  as  a  policy  development 
and  analysis  tool; 

7.  To  identify  areas  of  concern  for  policy  makers 

(5:13). 

This  chapter  presents  a  summary  of  the  research 
effort  as  it  pertains  to  each  of  these  objectives. 
Conclusions  about  the  model’s  performance  and  the  engine 
management  system  in  general  are  presented  next.  The  final 
section  presents  recommendations  for  future  research  with 


the  model 


Summary 

The  first  objective  of  this  research  was  to 
identify  the  major  processes  of  the  engine  management 
system.  This  was  done  through  personal  experience  with 
the  system,  interviews  with  system  managers  and  a 
literature  review.  The  major  processes  of  the  engine 
system  were  identified  as;  base  repair,  depot  repair, 
base  requisition,  depot  resupply  and  demand  generation. 

The  satisfaction  of  the  first  objective  allowed  the 
research  to  proceed  to  the  next  objective. 

The  second  objective  was  analysis  of  the  major 
processes.  This  analysis  involved  defining  the  structures 
of  the  various  processes  and  what  the  relationships 
between  these  processes  were.  Completion  of  this  analysis 
allowed  the  study  to  proceed  to  the  third  objective. 

The  third  objective  of  the  research  effort  was 
the  development  of  a  mathematical  model  which  represented 
the  engine  management  system.  Because  of  the  work  done  on 
the  first  two  objectives  an  existing  model  was  found  which 
was  close  in  structure  to  the  engine  management  system. 
This  is  the  model  developed  by  Trichlin  and  Trempe 
(25:Ch.3).  This  choice  is  valid  because  the  two  systems 
are  "family  systems"  as  defined  by  Forrester  and  Senge. 

The  structure  of  the  model  was  checked  line  for  line  a- 
gainst  the  structure  of  the  engine  system.  Several 
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changes  were  made  in  order  to  more  closely  align  the 
model's  structure  with  the  structure  of  the  engine 
management  system.  Satisfying  this  objective  made  the 
fourth  objective  relatively  easy. 

The  development  of  a  computerized  model  was  the 
fourth  objective  of  this  research.  Although  this  step  was 
made  somewhat  easier  by  the  decision  to  use  the  Trichlin 
and  Trempe  model  (25:Ch.3),  the  structure  of  the  computer 
model  still  had  to  be  checked  against  the  system  structure. 
Each  equation  of  the  program  had  to  be  examined  and  its 
inclusion  in  the  model  justified.  With  a  computerized 
model  completed,  the  fifth  objective  could  be  addressed. 

The  fifth  objective  of  this  study  was  the 
verification  and  validation  of  the  model's  performance 
relative  to  the  real  world  system.  Using  a  hypothetical 
flying  hour  program,  this  was  done  in  experimental  run  1 . 
Achievement  of  the  fifth  objective  allowed  the  research 
to  proceed  to  objective  six. 

The  evaluation  of  the  model  as  a  policy  analysis 
and  development  tool  was  the  sixth  objective  of  the 
research.  This  was  accomplished  by  running  a  simulation 
based  on  a  wartime  scenario.  The  results  of  this  run  were 
reported  in  chapter  four. 

Because  of  the  work  done  on  the  first  six 
objectives  some  degree  of  confidence  in  the  model's 
structure  was  gained.  This  allows  conclusions,  based  upon 
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the  model's  performance,  to  be  presented. 

Conclusions 

The  results  of  this  research  indicate  that  the 
engine  management  system  is  a  goal-oriented,  feedback 
control  system.  The  goal  of  this  system  is  to  make 
serviceable  engines  available  at  base  level.  While  this 
goal  is  generally  agreed  upon,  the  means  to  accomplish  it 
are  not. 

The  goal  of  this  research  was  to  develop  a 
system  dynamics  model  of  the  engine  management  system. 

The  model  which  is  presented  here  satisfies  this  goal  to 
the  extent  such  a  goal  can  be  satisfied.  This  model  can 
be  used  as  a  tool  to  assess  the  implications  of  current 
and  proposed  policy.  This  is  especially  true  with  regard 
to  pipeline  times  and  system  parameters. 

The  model  performed  much  as  the  real  world  system 
does  relative  to  a  peacetime  scenario.  It  responded  to 
the  wartime  scenario  as  expected.  However,  the  only 
thing  which  can  be  stated  with  any  certainty  about  this 
scenario  is  that  it  probably  would  not  come  about  exactly 
as  planned.  The  response  of  the  model  to  changes  in  the 
pipeline  times  was  similar  to  that  reported  by  Forrester 
in  his  work  with  multi-echelon  systems  (5:33). 

Because  of  the  iterative  nature  of  simulation 
modeling  there  can  be  no  one  final  model  of  a  system 
(5;  25).  The  mere  act  of  building  a  model  adds  insights 
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into  system  behavior  which  give  rise  to  new  questions 
about  the  system.  This  leads  the  analyst  to  studies  of 
other  policies  within  the  system  modelled.  For  this 
reason,  recommendations  for  further  study  with  this  model 
will  be  presented  next. 

Recommendations  for  Further  Study 

Due  to  the  iterative  nature  of  model  building, 
questions  will  arise  during  research  which  cannot  be 
addressed  due  to  time  constraints.  These  questions  can, 
however,  be  passed  on  to  future  researchers  in  the  form 
of  recommendations  for  further  study. 

The  Base-Depot 
Tnterface 

The  model  addresses  the  interface  between  one 
base  and  the  depot.  This  is  acceptable,  since  the 
transactions  which  occur  between  the  base  and  depot  are 
highly  standardized.  However,  the  addition  of  arrayed 
variables  to  the  model  would  allow  the  study  of 
interactions  between  several  bases  and  the  depot.  Using 
this  structure,  the  impact  of  different  use  rates  at  the 
various  bases  could  be  studied. 

The  Engine-Component 
Tnterface 

The  model,  as  presented,  raises  the  relationship 
between  only  one  component  and  the  engine.  Since  every 
engine  is  made  up  of  many  different  components  the  study 
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of  these  relationships  would  likely  be  of  some  interest. 
Again,  by  adding  arrays  to  the  model’s  structure  the 
interaction  between  the  various  components  and  the  engine 
could  be  studied. 

Personnel 

The  model  addresses  personnel  only  through  the 
quality  effects  sector.  The  major  reason  for  this  was 
because  the  purpose  of  the  model  was  to  study  the  effects 
of  pipeline  times  on  the  engine  system.  Personnel, 
however,  should  be  included  in  the  model  in  terms  of 
experience,  the  number  of  personnel  available,  and  a 
breakdown  of  the  population  in  terms  of  skill.  By  skill 
is  meant  the  skill  level  classification  system  used  by  the 
Air  Force. 

The  Choice  of 
an  Engine 

This  model  used  the  General  Electric  J-79-17  as 
the  engine  in  the  system.  Since  it  might  be  more  realistic 
to  study  the  engine  system  in  terms  of  the  several 
components  which  make  up  each  engine,  it  might  be  easier 
to  use  the  F-100  engine  as  the  representative  engine  in 
the  system.  The  ease  envisioned  here  would  be  in  terms  of 
data  gathering  on  use  rates. 

In  summary,  this  model  is  a  good  first  step 
towards  a  policy  analysis  tool  for  the  engine  management 
system.  However,  in  order  to  realize  its  full  potential 


the  model  must  grow.  The  recommendations  presented  in  this 
chapter  point  out  several  areas  which  will  allow  this  model 
to  be  more  fully  developed  as  a  true  policy  analysis  tool. 
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Causal-Loop  for  the  Engine  Demand  Rate  Sector 
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Causal-Loop  Diagram  for  Base  Compressor  Repair  Process 
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Causal-Loop  Diagram  of  the  Base-Level  Requisition  Process  Sector 


Excessive  Bas 
IJnserviceabl 


c« 

O, 

a)  cd 
os  -p 

rt 

+  -p  os 
.  o 
>  a 

<D  _ 

P  ^ 


+ 

^rH  U 
-POO 

o  aJ  -p 
P  <u  c 

CD  O  <D 

P  -H  > 
>  so 

h  M 

^  cn 


Causal-Loop  Diagram  for  the  Depot  Repair  Process  Sector 
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Diagram  for  the  Rate  of  Demand  Generation  Sector 
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Diagram  for  Base  Engine  Repair  Process  Sector 
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Plow  Diagram  of  the  Compressor  Repair  Process 


Diagram  of  the  Quality  Effects  Sector 
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Flow  Diagram  for  the  Depot  Repair  Process 


Flow  Diagram  for  Depot  Resupply  Sector 
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*  ENGINE  MANAGEMENT  SYSTEM  POLICY  ANALYSIS  MODEL 


DEMAND  RATE  GENERATION  SECTOR 

RATE  OF  EFFORT  DETERMINATION 

A  SVCAC.K=MIN( (SINVE.K/ECF) ,NAC> 

C  ECF=2 

C  NAC=72 

A  DAU.K=FHP/SVCAC.K 

A  RAUF.K=TABHL( AUFTAB , (DAU.K/AUL ) ,Q, 1 ,  .1 ) 

T  AUFTA8=. 1 /. 1 / .2/ .3/. 4/ . 5/ . 6/ .7/. 78/ .83/. 85 
C  AUL=25 

A  RAl) . K=RAUF . K*AUL 

A  R0E.K=DLINF3 (RAU.K+SVCAC.K, 1 ) 

A  HTBDD.K=NORHRN( 560,60 ) 

A  RN.K-NOISEO 

A  MTBDI.K=TABHL(MTITAB,RN.K,-.5..5,1> 

T  MTITAB=4/1 2 

A  IMTBD.K=SAMF'LE(HTBDD  .K,MTBDI  .K  ,560) 


HTBD  DETERMINATION 

A  NTBD.K=8F.K*<SMQ0TH( IMTBD.K,MTBDSF) ) 

C  MTBDSF=5 

RDEM  DETERMINATION 

R  RDEH.KL=ROE.K/MTBD.K 


SCVAC  SERVICEABLE  AIRCRAFT  (UNITS) 

SINVE  -  SERVICEABLE  INVENTORY  OF  ENGINES  (ENGINES) 

NAC  -  NUMBER  OF  AIRCRAFT  (UNITS) 

DAU  -  DESIRED  AIRCRAFT  UTILIZATION  (FLY  HR/UK/AIRCRAFT) 
FHP  -  FLYING  HOUR  PROGRAM  (FLY  HR/UK) 

RAUF  -  REALIZED  AIRCRAFT  UTILIZATION  FACTOR 

AUFTAB  -  AIRCRAFT  UTILIZATION  FACTOR  TABLE 

AUL  -  ABSOLUTE  UTILIZATION  LIMIT  (FLY  HR/AIRCRAFT/UK) 

RAU  -  REALIZED  AIRCRAFT  UTILIZATION  (FLY  HR/ AIRCRAFT/UK) 
ROE  -  RATE  OF  EFFORT  (FLY  HR/UK) 

MTBDD  -  MT3D  DISTRIBUTION  (FLY  HR) 

RN  -  RANDOM  NUMBER 

MTBDI  -  HTBD  INTERVAL  (UKS) 

MTITAB  -  MEAN  TIME  INTERVAL  TABLE 
IMTBD  -  INSTANTANEOUS  HTBD  (FLY  HR) 

MTBD  -  MEAN  TIME  BETUEEN  DEMANDS  (FLY  HR) 

OF  -  QUALITY  FACTOR 
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fITBDSF  -  MTBD  SMOOTHING  FACTOR  (UKS) 
RDEM  -  RATE  OF  DEMAND  (ENGINES/UK) 


BASE  ENGINE  3  COMPRESSOR  REPAIR  PROCESS  SECTOR 
ENGINE  REPAIR  PROCESS 

l)SINV£.KsUSINV£ .  J+DT*  (RDEM.  JK-RUSUR.  JK-DTDR.  JK) 

USINVE=0 

PDR.K=DLINF3(RD£M. JK,UMRD) 

UMRD=0. 2 

RRF 1  .K^TABHL (RF1 TAB,  (PDR'.K/MAXTP)  ,0,1  ,.1) 

RF1TAB=. 5/. 5/. 53/. 53/. 65/. 73/. 82/. 91 /.??/. 98/1.0 
RRF2.K=TABHL<RF2TAB,RAUF.K,0,.7,.l ) 
RF2TAB=.5/.5/.5/.52/.6<4/.88/.99/1.0 
DRUSUR.K=HAX(RRF1.K*HAXTP,RRF2.K*MAXTP> 
RUSUR.KL=FIFGE(USINVE.K/DT ,DRUSUR.K,DRUSUR.K ,USINVE.K/DT) 
MAXTP=2. 0 

URINV1  . K=URINV1 . J+DT*(RUSUR. JK-RNRTS. JK-EDR.JK) 

URINV1 =0 

RNRTS . KL=0ELAY3 ( PRQPD*RUSUR . JK, DELA ) 

PR0PD=0.2 
DEL  A= 1 . 1 

EDR.KL=DELAY3( (1-PROPD) +8USUR . JK,EDD) 

EDD=0.28 

URINV2.K=URIHV2 . J+DT*(EBR . JK-ERR. JK) 

URINV2=0 

RRF3X .K=EDR. JK/ ( (1  -PRQF'D )  tflAXTP) 

RRF3 .K=TABHL (RF3TAB ,RRF3X .K,0,1 , . 1 ) 
RF3TAB=.625/.625/.635/.66/.71/.77/.83/.88/.?5/.99/1.0 

THE  MINIMUM  VALUE  OF  THE  ABOVE  TABLE  IS  RELATED  TO 
THE  MINIMUH  VALUE  OF  THE  TABLE  FOR  RRF1  AS  FOLLOWS 
. 625=RRFI (NIN)/(1-PRQPD) 

DERR.K=RRF3 .K*(  1  -F'ROPD)  *NAXTP 

TERR. K=FIFGE(URINV2.K/DT,DERR.K. DERR. K,URINV2.K/DT) 
CPCRL.K-BSCPI.K/DT 

ERKL. K=FIFGE(CPCRL.K/CPGF, TERR. K. TERR. K,CPCRL.K/CPGF) 

£RR.KL=ERRL.K 

ERR=0 

URINV3.K=URINV3. J+DT* (ERR . JK-RURS. JK ) 

URINV3=0 

RURS.KL=DELAY3(ERR.JK,ERD) 

ERD=2 

SINVE.K=5INVE.J+DT*(RURS. JK+RARFD.JK+RAPFD. JK-RDEM. JK) 

SINVE=BE 

BE  =  1 51 
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USINVE  -  UNSERVICEABLE  ENGINE  INVENTORY  (ENGINES) 

RDEM  -  RATE  OF  DEHAND  (ENGINES/UK) 

DTDR  -  DIVERSION  TO  DEPOT  RATE  (EN6INES/UK) 

PDR  -  PERCEIVED  OEHAND  RATE  <£NGINES/UK) 

UNRD  -  UNIT  MAINTENANCE  RESPONSE  DELAY  (UKS) 

RRF1  -  REPAIR  RATE  FACTOR  1 
RF1TAB  -  REPAIR  RATE  FACTOR  1  TABLE 
RRF2  -  REPAIR  RATE  FACTOR  2 
RF2TAB  -  REPAIR  RATE  FACTOR  2  TABLE 
RAUF  -  REALIZED  AIRCRAFT  UTILIZATION  FACTOR 
DRUSUR  -  DESIRED  RATE  UNSERVICEABLES  50  UNDER  REPAIR 
(ENGINES/UK) 

RUSUR  -  RATE  UNSERVICEABLES  SO  UNDER  REPAIR  (ENGINES/UK) 
MAXTP  -  MAXIMUM  THROUGHPUT  (ENGINES/UK) 

URINV1  -  UNDER  REPAIR  INVENTORY  1  (ENGINES) 

RNRTS  -  RATE  ENGINES  DECLARED  NRTS  (ENGINES/UK) 

PROPO  -  PROPORTION  OF  ENGINES  TO  DEPOT 
DELA  -  DELAY  FOR  NRTS  ASSESSMENT  (UKS) 

EDR  -  ENGINE  DIAGNOSIS  RATE  (ENGINES/UK) 

EDD  -  ENGINE  DIAGNOSIS  DELAY  (UKS) 

URINV2  -  UNDER  REPAIR  INVENTORY  2  (ENGINES  AUAITING 
COMPRESSORS) 

RRF3X  -  REPAIR  RATE  FACTOR  3  INDEX 

RRF3  -  REPAIR  RATE  FACTOR  3 

RF3TAB  -  REPAIR  RATE  FACTOR  3  TABLE 

DERR  -  DESIRED  ENGINE  REPAIR  RATE  (ENGINES/UK) 

TERR  -  TRIAL  ENGINE  REPAIR  RATE  (ENGINES/UK) 

CPCRL  -  COMPRESSOR  CONSUMPTION  RATE  LIMIT  (COMPRESSORS/UK) 
ERRL  -  ENGINE  REPAIR  RATE  LIMIT  (ENGINES/UK) 

ERR  -  ENGINE  REPAIR  RATE  (ENGINES/UK) 

URINV3  -  UNDER  REPAIR  INVENTORY  3  (ENGINES) 

RURS  -  RATE  AT  UHICH  UNSERVICEABLES  f'ETURN  TO  SERVICE 
(ENGINES/UK) 

ERD  -  ENGINE  REPAIR  DELAY  (UKS) 

SINVE  -  SERVICEABLE  INVENTORY  OF  ENGINES  (ENGINES) 
(ENGINES/UK) 

(ENGINES/UK) 

BE  -  BASE  ENGINE  INVENTORY  (ENGINES) 
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QUALITY  EFFECTS  SECTOR 


A  QF.K=HXEXP.K*HQRALF.K 

A  HXEXP. K= TABLE (MXEXPT,MXSL.K, 0,1 ,.1) 

T  KXEXPT=0/ . 14/ .27/. 40/ .51/ .62/ .74/ .81 / .89/ .94/ .98 
A  MXSL. K= T ABLE (MXSLT, TNG. K, 0,1 ,  .1 ) 

T  MXSLT=0/.3/.58/.72/.8/.88/.?/.94/.96/.9?/.98 

A  TNG.K=DELAY3(RN.K+TNGF.K,DEL) 

A  TNGF.K=.5+TFFM*SIN<6.28*TIME.K/TFFP> 

C  DEL=8 

C  TFFP=78 

C  TFFM=.25 

A  MORALE . K=T ABLE  <  HOR ALT , MORAL . K, 0 , 2 , . 2  > 

T  M0RALT=1 /1/1 /1/1/1/1/.99/.95/.80/.000! 

A  MORAL .K=DLINF3( (PAOJ.K+RN .K) ,MQRD) 

C  M0RD=2.5 

A  PAOJ.K=1+PAOJFM*(SIN<<6.28*TIME.K)/PAOJFP)> 

C  PA0JFNS.75 

C  PA0JFP=40 

QF  -  QUALITY  FACTOR 

MXEXP  -  MAINTENANCE  EXPERIENCE 

MXEXPT  -  MAINTENANCE  EXPERIENCE  TABLE 

MXSL  -  MAINTENANCE  SKILL  LEVEL 

HXSLT  -  MAINTENANCE  SKILL  LEVEL  TABLE 

TNG  -  TRAINING 

TNGF  -  TRAINING  FACTOR 

DEL  -  TRAINING  DELAY 

TFFP  -  TRAINING  FACTOR  FREQUENCY  PERIOD 

TFFH  -  TRAINING  FACTOR  FREQUENCY  MODULATION 

MORALF  -  MORALE  FACTOR 

MORALT  -  MORALE  FACOTR  TABLE 

MORAL  -  MORALE 

PAOJ  -  PERCEIVED  AVAILABILITY  OF  OUTSIDE  JOBS 
MORD  -  MORALE  DELAY 

PAOJFH  -  PERCEIVED  AVAILABILITY  OF  OUTSIDE  JOBS 
FREQUENCY  MODULATION 

PAOJFP  -  PERCEIVED  AVAILABILITY  OF  OUTSIDE  JOBS 
FREQUENCY  PERIOD 
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COMPRESSOR  REPAIR  PROCESS 

R  RCPR.Kl=EDR.JK*CPGF 

C  CPGF=. 40 

L  USCPI.K=USCPI.  J*DT:MRCPR.  JK-RCPUR.  JK) 

N  USCPI=0 

A  CPRFX.K=RCPR. JK/MTPCP 

C  HTPCP=5 

A  DCPRF .K=TABHL (CFKFT, CPRFX.K ,0, 1 , . 1 ) 

T  CPRFT=. 5/. 5/. 53/. 58/. 45/. 73/. 32/. 91/. 97/. 98/1.0 

A  CPRRF.K=FIFZE(DCPRF.K,1 , TERR.K-ERRL.K) 

R  RCPUR.KL=FIFGE( USCPI .K/DT ,CPRRF.K*NTPCP,CPRRF.K*MTPCP, 

X  USCPI.K/DT) 

L  BUC?I.K=BUCPI . J+DT*(RCPUR. JK-BCPRR. JK-NCPR.JK) 

N  BUCPI=0 

R  NCPR.KL=D£LAY3(PCPD*RCPUR.JK,NCPD> 

C  PCPD=0.9 

C  NCPB=0.5 

L  DCPI.K=DCPI .J+DT* (NCPR. JK-DCPRR. JK) 

N  DCPI=0 

R  DCPRR.KL=DELAY3(NCPR .JK,DCPRD) 

C  DCPRD=6 

R  BCPRR.KL=DELAY3( ( I -PCPD) +RCPUR. JKrBCPRD) 

C  BCPRD=2 

L  BSCPI .K=BSCPI . J+DT* (BCPRR . JK+DCPRR. JK-CPCR. JK) 

N  BSCPI=BCP 

C  BCP=5 

R  CPCR.KL=ERRL.K*CPGF 

RCF'R  -  REPAIRABLE  COMPRESSOR  RATE  (COMPRESSOR/UK) 

CPGF  -  COMPRESSOR  GENERATION  FACTOR  (COMPKESSORS/ENGINE) 

USCPI  -  UNSERVICEABLE  COMPRESSOR  INVENTORY  (COMPRESSORS) 

CPRFX  -  COMPRESSOR  REPAIR  FACTOR  INDEX 

MTPCP  -  MAXIMUM  THROUGHPUT  OF  COMPRESSORS  (COMFRESSORS/UK) 

DCPRF  -  DESIRED  COMPRESSOR  REPAIR  FACTOR 

CPRFT  -  COMPRESSOR  REPAIR  FACTOR  TABLE 

CPRRF  -  COMPRESSOR  REPAIR  RATE  FACTOR 

RCPUR  -  RATE  COMPRESSORS  GO  LINDER  REPAIR  ( COMPRESSORS/ UK ) 

BUCPI  -  BASE  UNSERVICEABLE  COMPRESSOR  INVENTORY  (COMPRESSORS) 

NCPR  -  RATE  COMPRESSORS  DECLARED  NR  IS  (COMPRESSORS/UK) 

PCPD  -  PROPORTION  OF  COMPRESSORS  TO  DEPOT 
NCPD  -  NRTS  COMPRESSOR  ASSESSMENT  DELAY  (UKS) 

DCPI  -  DEPOT  COMPRESSOR  INVENTORY  (COMPRESSORS) 

DCPRR  -  DEPOT  COMPRESSOR  REPAIR  RATE  (COMPRESSORS, UK) 

DCPRD  -  DEPOT  COMPRESSOR  REPAIR  DELAY  (UKS) 

BCPRR  -  BASE  COMPRESSOR  REPAIR  RATE  (COMPRESSORS/UK) 

BCPftD  -  EASE  COMPRESSOR  REPAIR  DELAY  (UKS) 

ESC?!  -  BASE  SERVICEABLE  COMPRESSOR  INVENTORY  (COMPRESSORS ) 
BCP  -  BASE  COMPRESSOR  STOCK  (COMPRESSORS) 

CPCR  -  COMPRESSOR  CONSUMPTION  RATE  (COMPRESSORS/!)';) 
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ROUTINE  REQUISITION  PROCESS  SECTOR 


id 


ENGINE  DAILY  DEMAND  RATE  COMPUTATION 
1=1,181 

DDF.Kd )=DDF.J(1)+DT*RDEM.JK 
DDF! I ) =0 . 02 

DDR .K-SUNU(BDF.K,2, 1 81  )/1 80 
LD0.K=5HIFTL (DDF.K. . 143) 

DDF  -  DAILY  DEMAND  FACTOR 

RDEfi  -  RATE  OF  DEMAND  (ENGINES/UK) 

DDR  -  DAILY  DEMAND  RATE  (ENGINES/DAY) 

LDD  -  DAILY  DEMAND  FACTOR  ARRAY  SHIFT  DUMMY  VARIABLE 

BASE  REPAIR  RATE  COMPUTATION 

RTSF.K! 1 )=RTSF. J( 1 >+DT*RURS. JK 
RT3F( I ) =0.8 

RTS. K=SUMV( RTSF.K, 2, 181 )/1 30 
LRTS. K=SH IF TL( RTSF.K, .143) 

NRTSF.K( 1 )=NRTSF. J(1 )+(DT*!RNRTS.JK*DTDR.JK) ) 

NRTSF ( I )=0.2 

NRTS.K=SUMV(NRTSF.K,2,181 )/1 30 
LNRTS.K=SHIFTL( NRTSF .K, . 1 43 ) 

PBR.K=RTS.K/ (RTS.K+NRTS.K) 

RTSF  -  REPARABLE  THIS  STATION  FACTOR 
RUFS  -  RATE  AT  UHICH  UNSERVICEABLE3  RETURN  TO  SERVICE 
(ENGINES/UK) 

RTS  -  REPARABLE  THIS  STATION  (ENGINES/DAY) 

LRTS  -  RTS  FACTOR  ARRAY  SHIFT  DUMMY  VARIABLE 
NRTSF  -  NOT  REPARABLE  THIS  STATION  FACTOR 
P.NRTS  -  RATE  ENGINES  DECLARED  NRTS" (ENGINES/UK) 

DTDR  -  DIVERSION  TO  DEPOT  RATE  (ENGINES/UK) 

NRTS  -  NOT  REPARABLE  THIS  STATION  (ENGINES/DAY) 

LNRTS  -  NRTS  FACTOR  ARRAY  SHIFT  DUMMY  VARIABLE 
PBR  -  PERCENTAGE  BASE  REPAIR 

REPAIR  CYCLE  QUANTITIES 

SCO . K  ••• !  DDK, K*F'BR. i'.tRCT ) 

RLT  =  1  4  -  IN  DAYS 

NQ.K=DOR.K*<  1  -PBR.K)  » NT 

NT =8  -  IN  DAYS 

OS IU.K=DDR.K • ( 1 -PBR.K )*UST 

OS T  =  A . 0  -  IN  D.tYb 

SLO. K=SQRT (3* (RCU .K+NQ.K+US  TQ .K  > )  *CFACT 

CFACT=2.0 


I 


2  r  n  33  i>  z.  r~ 


RCQ  -  REPAIR  CYCLE  QUANTITY  (ENGINES) 

DDR  -  DAILY  DEHAND  RATE  (ENGINES/DAY) 

PER  -  PERCENTAGE  BASE  REPAIR 
RCT  -  REPAIR  CYCLE  TINE  (DAYS) 

NQ  -  NRTS  QUANTITY  (ENGINES) 

NT  -  NRTS  ASSESSMENT  TIME  (DAYS) 

OSTQ  -  ORDER  AND  SHIP  TIHE  QUANTITY  (ENGINES) 
OST  -  ORDER  AND  SHIP  TIHE  (DAYS) 

SLQ  -  SAFETY  LEVEL  QUANTITY  (ENGINES) 

CFACT  -  C-FACTOR 

ORDER  CONFUTATION 

A  BSS.K=MAX<0, (SINVE.K-NAC+ECF) ) 

A  TRG.K=NAX(0, (SLQ.K-BSS.K) ) 

ARQP.K=ARQP. J+DT  *( IQR. JK-RARFD .JK) 

ARQP=0 

ARQ.K=HAX(0, (TRO.K-ARQP.K) ) 

IOS.KL=ARQ.K/DT 


BSS  -  BASE  SERVICEABLE  STOCK  (ENGINES) 

SINVE  -  SERVICEABLE  INVENTORY  OF  EN6INES  (ENGINES) 

NAC  -  NUMBER  OF  AIRCRAFT  (UNITS) 

TRQ  -  TRIAL  REQUISITION  QUANTITY  (ENGINES) 

SLQ  -  SAFETY  LEVEL  QUANTITY  (ENGINES) 

ARGF  -  ACTUAL  REQUISITIONS  PLACED  UITH  DEPOT  (ORDERS) 
RARFD  -  RATE  OF  ARRIVAL  OF  ROUTINE  SHIPMENTS  FRQH  DEPOT 
(ENGINES/UK) 

ARQ  -  ACTUAL  REQUISITION  QUANTITY  (ENGINES) 

IOR  -  INSTANTANEOUS  ORDER  RATE  (ENGINE  ORDERS/UK) 


BACKORDER  ACCUMULATION 

RDD.KL=DELAY3<IOR.JK,RTD) 

RTD=.1 

DBO .K=DB0 .J+DT* (RDD . JK-RRSFD . JK) 
DBOsO 


RDD  -  REQUISITION  DELAY  TO  DEPOT  (ORDERS/UK) 

IOR  -  INSTANTANEOUS  ORDER  RATE  (ENGINE  ORDERS /UK) 

RTD  -  REQUISITION  TRANSMISSION  DELAY  (UKS) 

DBO  -  DEPOT  BACK  ORDERS  (ORDERS) 

RRSFD  -  RATE  OF  ROUTINE  SHIPMENTS  FROM  DEPOT  (ENGINES/UK) 
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DEPOT  REPAIR  SECTOR 


EBBLOG.K=MAX  (USINVE.K-MBBLGS  *0 ) 

MBSL0G=2  (MAXTPtfiVG  DEPOT  TAT  OF  4.5  UKS) 

TDTDR.K=EBSL05.K/DT 

DTBRL.K=DMAXTP-RNRTS.JK 

DMAXTP=. 4  (2:*PRDPD*MAXTP ) 

DTDR.KL=FIFGE(DTDRL.K,TDTDR.K,TDTDR.K,DTDRL.K) 

DUI .K=DUI . J+DT+ (RNRTS. JK+DTDR . JK-DRK . JK) 

DUI=0 

DRR.KL=DELAY3( (RNRTS. JK+DTDR. JK ),BRB.K! 

DRDFX.K=DSI .K/DSISS 

DRDF.K=TABHL(  ORDTAB ,DRDT'X -  K  .1 .1  .IDS/D3ISS  ,  (IDS/DSISS  )-1 . 1 ) 

DRDTA3=1/2.75 

IDS=1 0 

D  S I S  S = 2  ( 2  f  DSI;iSS ) 

DRD.K=DRDF.K*NL‘!I)RD 

HIN0RD=3.5 

QSI. K*BSI . J+DT* (DRR . JK-RSSFD. JK-RPSFD.JK) 

DSI=IDS 

EBBLOG  -  EXCESS  BASE  MAINTENANCE  BACKLOG  (ENGINES) 

USINVE  -  UNSERVICEABLE  ENGINE  INVENTORY  (ENGINES) 

MBBLOG  -  MAXIMUM  BASE  MAINTENANCE  BACKLOG  (ENGINES) 

TDTDR  -  TRIAL  DIVERSION  TO  DEPOT  RATE  (EN6INES/UK) 

DTDRL  -  DIVERSION  TO  DEPOT  RATE  LIMIT  (ENGINES/UK) 

DNAXTP  -  DEPOT  MAXIMUM  REPAIR  THROUGHPUT  (EN6INES/UK) 

RNRTS  -  RATE  ENGINES  DECLARED  NRTS  (ENGINES/UK) 

D TO R  -  DIVERSION  TO  DEPOT  RATE  (ENGINES/UK) 

DUI  -  DEPOT  UNSERVICEABLE  INVENTORY  (ENGINES) 

DRR  -  DEPOT  REPAIR  RATE  (ENGINES/UK) 

BRDFX  -  DEFOT  REPAIR  DELAY  FACTOR  INDEX 
5RDF  -  DEPOT  REPAIR  DELAY  FAC) UR 
DfiDTAB  -  DEPOT  REPAIR  DELAY  TABLE 
IDS  -  INITIAL  DEPOT  STOCK  (ENGINES) 

DSISS  -  DEPOT  SERVICEABLE  INVENTORY  SAFETY  STOCK  (ENGINES) 
DRD  -  DEPOT  REPAIR  DELAY  (UKS) 

MINDED  -  MINIMUM  DEPOT  REPAIR  DEALT  (UKS) 

DSI  -  DEPOT  SERVICEABLE  INVENTORY  (ENGINES) 

RSSFD  -  RATE  OF  ROUTINE  SHIPMENTS  FROM  DEPOT  (ENGINES/UK) 
RPSFD  -  RATE  OF  PRIORITY  SHIPMENTS  FROM  DEPOT  (ENGINES/UK) 


z  <r  ce  _i  z  cc  u 


DEPOF  RESUPPLY  SECTOR 


MI CAP  DETERMINATION  AND  DEPOT  RESPONSE 

A  MTL.K=rtIN<FHP/<0.7*AUL).NAC) 

A  PHR.K=MAX((MTL.K-(PINTRt.K+SINVE.K)>,0) 

A  PARFD.K=DLINF3(RRSFD.JK.RARPD) 

C  R  A  R  P  D - 1 .5 

A  AHR.K=MAX( (PMR.K-RUR3.JK*BELTP-PARFD.K*DELTP) ,0) 

AHR=0 

AHS.K=MIN( AMR.K, DSI.K) 

RPSFD.KL=ANS.K/DT 

PINTRL .K=PINTRL. J+DT+(RPSFD. JK-RAPFD. JK ) 

PINTRL=0 

RAPFD.KL=D£LAY3(RPSFD.JK,DELTP> 

DELTP=1 .0 

MTL  -  HICAP  THRESHOLD  LEVE  (ENGINES) 

FHP  -  FLYING  HOUR  PROGRAM  (FLY  HR/UK) 

AUL  -  ABSOLUTE  UTILIZATION  LIMIT  (FLY  HR/AIRCRAFT/UK) 

ECF  -  ENGINE  CORRECTION  FACTOR  (ENGS/AIRCRAFT ) 

NAC  -  NUMBER  OF  AIRCRAFT  (UNITS) 

PUR  -  POTENTIAL  HICAP  REQUIREMENTS  (ENGINES) 

SINVE  -  SERVICEABLE  INVENTORY  OF  EN6INES  (ENGINES) 

PARFD  -  PERCEIVED  ARRIVAL  RATE  ROUTINE  SHIPMENTS  FROM  DEPOT 
(ENGINES/UK) 

RSSFD  -  RATE  OF  ROUTINE  SHIPMENTS  FROM  DEPOT  (ENGINES/UK) 
RARF'D  -  ROUTINE  ARRIVAL  RATE  PERCEPTION  DELAY  (UKS) 

AMR  *  ACTUAL  HICAP  REQUIREMENTS  (ENGINES) 

RURS  -  RATE  AT  UHICH  UNSERVICEABLES  RETURN  TO  SERVICE 
(ENGINES/UK) 

AMS  -  ACTUAL  HICAP  SHIPMENTS  (ENGINES) 

DSI  -  DEPOT  SERVICEABLE  INVENTORY  (ENGINES) 

RPSFD  -  RATE  OF  PRIORITY  SHIPMENTS  FROM  DEPOT  (ENGINES/UK) 
PINTRL  -  PRIORITY  SHIPMENTS  INTRANSIT  LEVEL  (ENGINES) 

RAPFD  -  RATE  OF  ARRIVAL  OF  PRIORITY  SHIPMENTS  FROM  DEPOT 
(ENGINES/UK) 

DELTP  -  PRIORITY  TRANSPORTATION  PIPELINE  DELAY  (UKS) 
ROUTINE  REQUISITIONS  RESPONSE 


A 

C 

A 

C 

R 

l- 

N 

K 

C 

L 


DSI ARP .K -MAX ((DSI. K-DS I MRS-AMS . K ) , 0 ) 
DSIMRS=1 

DRSRFD . K=OBfl .K/FLRF 
FLRF-O.  -i 


Rr SF i) . KL-Fi  i  otl'.DS i»:RP  .K,  C  I , L’RSf.t  I: .K , DRSRFD. K , BSIARP.K/DT 
SI.'iTRL.i,  -RlNfRL.  J  +  DTMRRSFD.  JK-RARFD.  JK) 

RINTRL=0 

RAKFD.KL=D£LAY3(RRSFD.JK,DEl TR) 


DELTR=) .0 
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DSIARP  -  DEPOT  SERVICEABLE  INVENTORY  AVAILABLE  TO  THE  ROUTINE 
PIPELINE  (ENGINES) 


DSI  -  DEPOT  SERVICEABLE  INVENTORY  (ENGINES) 

AMS  -  ACTUAL  MICAP  SHIPMENTS  (ENGINES) 

DSI MRS  -  DEPOT  SERVICEABLE  INVENTORY  MICAP  RESERVE  STOCK 
(ENGINES) 

DftSRFD  -  DESIRED  ROUTINE  SHIPMENT  RATE  FROM  DEPOT  (ENGINES/UK) 
DBO  -  DEPOT  BACK  ORDERS  (ORDERS) 

FLRF  -  FILL  RATE  FACTOR  (UKS) 

RRSFD  -  RATE  OF  ROUTINE  SHIPMENTS  FROM  DEPOT  (ENGINES/UK) 
RINTRL  -  ROUTINE  INTRANSIT  PIPELINE  LEVEL  (ENGINES) 

RARFD  -  RATE  OF  ARRIVAL  OF  ROUTINE  SHIPMENTS  FROM  DEPOT 
(ENGINES/UK) 

DELTR  -  ROUTINE  TRANSPORTATION  DELAY  (UKS) 

SUPPLEMENTARY 


ATBA.K=SINVE.K+USINVE.K+URINV1 .H+URINV2 .K+URINV3.K+ 

RINTRL. K+PINTRL.K 

PTBA . K= ( NAC*ECF ) +BSS.K*RCU.K+NG.K+OSTQ.K+ARQP.K+PINTRL.K 

PUDR.K=DDR.K*7 

TRTD.K=(RNRTS. JK+BTOR. JK) 

BMXU.K=USINV£.K+URINV1 +URINV2+URINV3 

ATEA  -  ACTUAL  TOTAL  BASE  ASSETS  (ENGINES) 

PTBA  -  PERCEIVED  TOTAL  BASE  ASSETS  (ENGINES) 

PUDR  -  PERCEIVED  UEEKLY  DEMAND  RATE  (ENGINES/UK) 

TRTD  -  TOTAL  RATE  AT  UHICH  UNSERVICEABLE5  ARE  SENT  TO  DEPOT 
(ENGINES/UK) 

BMXU  -  BASE  MAINTENANCE  UORKLOAD  (ENGINES) 


A 


X 

X 

X 

X 

X 


X 

PLOT 

PLOT 

PLOT 

PLOT 

FLOT 

PLOT 


FHP. K=300+ST£?(1 00,53 )-aTEP( 150, 105 ;r3TE? 
DIRECTIONS 


00.157) 


1  iL’SINVE'URIKVI  ,'JRIXV2.l;RINV3  .SINOE.USCPI.BUCPI.DCPI  ,BSCFI  ,ARQP/ 

2)  DBO.DUI  ,DSI  .PINTRL.RIfJTRL/ 

3) RDEH,RUSUR,RNRT3,EDR,ERR.RURS.RCPR.RCPUR,NCPR,DCPRR,BCPRR/ 

4) CPCR, IQR.RDB.DTDR.DRR.RPSFD .RAPFB.RRSFD.RARFD/ 

5 )  SVC  AC,  Rfl£,  (1TB  B.PBR.RRF1  ,RRF2, DRUSUR,RRF3X.RRF3, DERR, TERR/ 

6) CPCRL,ERRL,CPRFX,DCPRF,CPRRF,QF,DDR,RTS,NRTS,PBR,RCQ,NQ,0STQ/ 

7) SLQ,BSS,TRQ,ARQ,EBBLQG,TDTDR,DTDRL,DRDFX,DRDF ,BRD,MTL ,PMR,FHP/ 

8) PARFD,AMR, AMS,DSIARP,DRSRFD/ 

?>ATBA,PTBA.PUBR,TRTD,BMXU/ 

USINVE/SINVE/DCPI/BSCPI/DSI/RDEM/RNRTS/NCPR/DTDR/FHP 

USINVE/SINVE/DUI/liSCPI/DBO/RUSUR/EDR/ERR/SVCAC/FHP 


PINTRL/RINTSL/RPSFD/RAPFD/RRSFD/RARF2/SVCAC/SRF3X/RRF; 

AR3P/RDEM/EDR/ERR/RC?F;/RCPUR/BCPRS/8C?RR/CPCR 

r'BR/RCQ/NQ/OSTO/t'RDF/CRD/BRBFX/BSS/SLQ 


:/QF 


AT3A/PT3A/PUBR/TRTD/BMXU 


SPEC  DT=.05/LENGTH=200/PLTPER=1/PRTPER=1 


RUN 
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APPENDIX  D 

RESULTS  FOR  EXPERIMENTAL  RUN  1 
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FHP=  1 

SINVE=2  NRTS= o 

NCPR=4  USINOE= 

5  DSI=6  RIMTRL=? 

BSCPI= 

3  DCPI=9 

250.000 

300.000 

350.000 

400.000 

450.000  1 

146.000 

147.500 

149.000 

150.500 

152.000  2 

0.000 

.100 

.200 

.300 

.400  34 

0.000 

5.000 

10.000 

15.000 

20.000 

56 

0.000 

.100 

.200 

.300 

.400  7 

0.000 

2.000 

4.000 

6.000 

8.000 

89 

0.04 

. 1-  - 

. 3  -  - 

-  8 - .-  -  2  - 

”  ~  a 

4579,36 

5 

1 

36 

4  2 

a 

579,48 

5 

9  1 

3  2  8 

.  4 

a 

26,57 

5 

9  1 

23  68 

4  . 

a 

57 

5 

9  1 

23  6 

4 

• 

57,68 

5 

9  1 

32  864 

• 

a 

57 

5 

9  1 

32  8  4 

■ 

a 

46,57 

5 

9  1 

3  2  846 

• 

a 

57 

5 

9  1 

3  2  84.6 

• 

a 

57 

s 

9  1 

3  2  84.6 

■ 

a 

57 

10.05 

- - 9 - 1-  - 

32 -  8  46-  - 

• 

—  a 

57 

5 

9  1 

2  8  .4 

• 

a 

23,46,57 

5 

9  1  2 

8  .46 

• 

a 

23,57 

5 

9  123 

8  .46 

a 

a 

57 

5 

9  13 

8  4  6 

• 

a 

12,57 

5 

7  9  21 

8  4  6 

• 

a 

13 

5 

9  231 

7  8  4.  6 

• 

a 

5 

9  3  21 

7  48  .  6 

• 

a 

5 

9  3  1 

7  4  8  .6 

• 

a 

12 

5 

93  1 

7  4  8  .6 

a 

a 

12 

20.05 

- 93 - 12  - 

-  7  -4-  8  .  6  - 

• 

- -  . 

s 

3  12 

74  8  .  6 

■ 

a 

39 

5 

39  12 

4  8.  6 

■ 

a 

47 

5 

3  9  12 

74  8.  6 

• 

a 

5 

3  9  12 

4  8.  6 

• 

a 

47 

5 

3  9  12 

74  8.  6 

• 

a 

5 

3  9  1 

274  8.  6 

■ 

a 

5 

3  9  7  1 

2  4  8.  6 

a 

a 

S 

3  79  1 

2  4  8.  6 

a 

5 

3  9  7  1  2 

4  8.  6 

a 

a 

30.05 

-3-  -9 - 1-2- 

- 4-  -8.  6  - 

a 

a 

17 

5 

3  9  1  27 

4  8.6 

a 

a 

5 

3  9  12 

7  4  8.  6 

a 

a 

5 

3  9  12 

7  4  8.  6 

a 

a 

5 

3  9  12 

4  8.  6 

a 

a 

4.  * 

S 

3  9  12 

4  8.  6 

a 

a 

17 
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MO. 01  3  -  -1 


2.  7 
2. 

72. 

2. 

■  2.7  -  - 


1 

3 

9 

2.  7 

4 

8. 

6 

15 

3 

9 

2.  7 

4 

8. 

6 

15 

1 

3 

9 

2.  7 

4 

8. 

6 

15 

1 

3 

9 

2.  7 

4 

8. 

6 

15 

1 

3 

o 

2.  7 

4 

8. 

6 

15 

1 

3 

9 

2.  7 

4 

8. 

6 

15 

1 

3 

9 

2  7 

4 

8. 

6 

15 

1 

3 

9 

27 

4 

8. 

6 

15 

1 

3 

9 

2 

4 

8. 

6 

15,27 

150.01 

3  - 

-9-  - 

-72 - 

-4-  - 

-8. 

-'6 . .- 

15 

1 

3 

9 

72 

4 

8 

6 

15 
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3 

9 

2 
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8 

6 

15,27 

1 

3 

9 

27 

4 

8 

6 

15 

1 

3 

9 

2  7 

4 

8 

6 

15 

1 

3 

9 

2  7 

4 

8 

6 

15 

1 

3 

9 

2  7 

4 

8 

6 

15 

5 

3 

9 

2  7 

4 

1 

6 

18 
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3 

9 

2  7 

4 

1 

6 

18 

5 

3 

9 

2  . 

817 

6 

14 

160.05  3  - 
5  3 
5  3 
S  3 
5  3 
5'  3  ‘ 
S  3 
S  3 
S  3 
5  3 
170.03  -3- 
5  3 
5  3 
3  3 
3  3 
5  3 
5  3 

5  3 

3  3 
3  3 
180.03  -3 


-  -81  46- 
8  1  4 
8  174 
8  146 
8  1  6 
8  t  6 
8  1  6 
8  1  6 

7  14 
87  14 

-87  164  - 

8  16  4 

8  16  74 

8  17  4 


-  -  7 
7 


2  7 

72 
7  2 

7 

-  7 


.  15 
.  15,27 
.  15 
.  15,27 
.  15 


14 

14 

14 

14 

46,78 

46 


16 
167 
16,78 
16 
146 
16 
16 
16 
1 6 


3 


USINVE 

DBO 

RDEH 

CFCR 

3VCAC 

CPCKL 

SLIT 

PARFD 

URINV1 

BUI 

KUSUR 

ICR 

ROE 

ERRL 

BSS 

AIR 

URIMV2 

OS  I 

RNRTS 

RDD 

HTBD 

CPRFX 

TRQ 

AMS 

URINV3 

PINTRL 

EDR 

BTDR 

PDR 

DCPRF 

ARQ 

DSIARP 

SINVE 

RINTRL 

ERR 

BRR 

RRF1 

CPRRF 

EBBLOG 

DRSRFD 

USCPI 

RURS 

RPSFD 

RRF2 

QF 

TDTDR 

BUCPI 

RCPR 

RAPFD 

DRUSUR 
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